
PRELIMINARY RESULTS FROM AN IN-SITU COAL GASIFICATION 
EXPERIMENT USING EXPLOSIVE FRACTURING* 

Charles B. Thorsness,  Richard W. H i l l ,  and Douglas R. Stephens 

Lawrence Livermore Laboratory,  Un ive r s i ty  of Ca l i fo rn ia  
Livermore, C a l i f o r n i a  94550 

INTRODUCTION 

Af te r  almost two decades of i n a c t i v i t y  t h e  f i e l d  of i n - s i tu  c o a l  g a s i f i c a t i o n  
has  experienced a r ecen t  rena issance .  There is a t  least one cu r ren t  i n d u s t r i a l  
p r o j e c t ,  t h a t  of Texas U t i l i t i e s  Generating Co. i n  Texas l i g n i t e .  They are us ing  
t h e  very  ex tens ive  Sovie t  technology t o  develop in-s i tu  c o a l  g a s i f i c a t i o n  t o  produce 
low Btu gas f o r  e l e c t r i c a l  power genera t ion .  Three ERDA-sponsored p r o j e c t s  are i n  
t h e  f i e l d ,  t e s t i n g  d i f f e r e n t  modes of developing permeable pa ths  i n  c o a l  beds. The 
Laramie Energy Research Center i s  developing r e v e r s e  combustion techniques  t o  l i n k  
v e r t i c a l  wel lbores ;  t h e  Lawrence Livermore Laboratory is developing explos ive  
f r a c t u r i n g  t o  c r e a t e  an  underground packed bed; and t h e  Morgantown Energy Research 
Center i s  developing d i r e c t i o n a l  d r i l l i n g  techniques  t o  e s t a b l i s h  l i nk ing .  

Sandia Labora tor ies  are developing advanced ins t rumenta t ion  techniques  f o r  
monitoring in - s i tu  c o a l  g a s i f i c a t i o n  and are coopera t ing  wi th  t h e  Laramie Energy 
Research Center i n  t h e i r  underground c o a l  g a s i f i c a t i o n  experiments near Hanna, 
Wyoming. The Alber ta  Research Council is f i e l d i n g  a p r o j e c t  near  Edmonton, Alber ta .  
Texas A & M Univers i ty  i s  f i e l d i n g  an experiment near  College S t a t i o n ,  The 
Un ive r s i ty  of Texas is  performing ex tens ive  systems s t u d i e s  on c o a l  g a s i f i c a t i o n  
i n  Texas l i g n i t e ,  whi le  o the r  i n - s i tu  c o a l  p r o j e c t s  a r e  underway a t  t h e  U n i v e r s i t i e s  
of Wyoming, New Mexico, Alabama, Kentucky, West Vi rg in i a  and t h e  Pennsylvania S t a t e  
Univers i ty .  I n  add i t ion ,  coal pyro lys i s  and k i n e t i c s  s t u d i e s  are being conducted 
a t  t h e  ERDA Nat iona l  Labora tor ies  a t  Oak Ridge and Argonne. 

The reasons  f o r  t h e  ex tens ive  in - s i tu  c o a l  g a s i f i c a t i o n  programs are 
many-fold. Among them are: (1) t h e  promise of r e l a t i v e l y  low-cost energy from 
i n - s i t u  c o a l  g a s i f i c a t i o n ,  a t  least a s  compared t o  o the r  a l t e r n a t e  f u e l s .  
promise of r e l a t i v e l y  low environmental  impact from these in - s i tu  processes .  
The opening up of new c o a l  r e se rves  f o r  development which may be  uneconomic by 
o t h e r  techniques.  (4) The r a t h e r  r ecen t  d i scovery  t h a t  t h e  Russians developed very  
success fu l ly  in-s i tu  c o a l  g a s i f i c a t i o n  techniques  i n  t h e  l a t e  1950 ' s ,  and app l i ed  
them a t  t h e  demonstration o r  p i l o t  p l an t  l e v e l  (up t o  500 tons  of c o a l  consumed pe r  
day) f o r  up t o  20 years .  

(2) The 
(3) 
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underground coa l  g a s i f i c a t i o n  program at t h e  Lawrence Livermore Laboratory.  Our 
p r o j e c t  o b j e c t i v e  is t o  develop a commercial underground c o a l  g a s i f i c a t i o n  process  
by us ing  explos ives  t o  f r a c t u r e  t h e  coa l  i n  p l ace  t o  create s e l e c t i v e l y  enhanced 
permeabi l i ty .  (1) The r e s u l t a n t  permeable c o a l  would be g a s i f i e d  wi th  steam and 
oxygen and t h e  gases  would be upgraded to  p i p e l i n e  q u a l i t y  i n  s u r f a c e  f a c i l i t i e s .  

Our f i r s t  f i e l d  g a s i f i c a t i o n  experiment, c a l l e d  Hoe Creek i l l ,  was conducted 
i n  two phases: 
permeabi l i ty  measurements and has  been repor ted .  ( l a )  It is b r i e f l y  descr ibed  i n  
t h i s  r epor t ,  but t h e  primary purpose of t h i s  paper is t o  desc r ibe  phase 1 2  of t h e  
experiment,  which included d e t a i l e d  ' f r a c t u r i n g  and permeabi l i ty  measurements 
followed by in - s i tu  g a s i f i c a t i o n .  

I n  t h i s  r epor t  we summarize a r ecen t  f i e l d  experiment i n  t h e  ERDA-sponsored 

phase I1 included site c h a r a c t e r i z a t i o n ,  f r a c t u r i n g  and pre l iminary  

This work was performed under t h e  auspices  of t h e  U.S. Energy Research and 
Development Agency. 
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Phase 111: S i t e  Charac t e r i za t ion  and F r a c t u r i n g  

One and two-dimensional computer codes,  us ing  compressive shear  f a i l u r e  a s  a 
c r i t e r i o n ,  w e r e  used t o  des ign  a m u l t i p l e  exp los ive  f i e l d  f r a c t u r i n g  tes t ,  Hoe 
Creek 111. Extens ive  c o a l  mechanical p r o p e r t i e s  were input t o  the  codes, which were 
normalized w i t h  l abora to ry  f r a c t u r e  experiments and an  e a r l i e r  f i e l d  test  a t  a c o a l  
outcrop us ing  1301 of explos ives .  (2) 

The exper imenta l  Hoe Creek s i t e  is i n  t h e  Powder River Basin, 25 mi l e s  SW of 
Gil le t te ,  Wyoming, i n  t h e  25' t h i c k  subbituminous F e l i x  1 2  c o a l  a t  a depth  of 125 ' .  
The s t r a t i g r a p h y  of t h e  s i t e  w a s  der ived  from cores ,  d r i l l - c u t t i n g  samples, and 
downhole geophys ica l  l ogs  and i s  shown i n  F ig .  1. Table  1 gives  t h e  chemical 
a n a l y s i s  of t h e  F e l i x  112 coa l .  (3) 
experiment which w a s  c a r r i e d  o u t  a t  Hoe Creek on November 5, 1975. 

Experiment 111 w a s  a simple two-spot f r a c t u r i n g  

Table 1. Analys is  o f  coa l  from t h e  F e l i x  No. 2 seam. 

Proximate a n a l y s i s  (%) 
A s  rece ived  Dry b a s i s  

Ultimate a n a l y s i s  (X) 
As rece ived  Dry b a s i s  

Moisture 29.2 - Moisture 29.2 - 
Ash 6.37 9.00 Carbon 47.41 66.96 
V o l a t i l e  31.90 45.06 Hydrogen 3.53 4.99 
Fixed carbon 32.53 45.94 Nitrogen 0 .91  1.28 

100.00 100.00 Chlor ine  0.01 0.02 
Su l fu r  0.62 0.88 

Btu 8156 11522 Ash 6.37 9.00 
Su l fu r  0.62 0.88 Oxygen ( d i f f )  11.95 16.87 

100.00 100.00 

The purpose of t h e  experiment w a s  t o  do a s m a l l  s c a l e  study of explos ive  
f r a c t u r e  and g a s i f i c a t i o n .  
su rv iva l ,  d r i l l i n g  techniques  i n  f r a c t u r e d  c o a l ,  t h e  permeabi l i ty  enhancement 
c rea t ed  by two HE s h o t s ,  gas  flow rates, l i q u i d  plugging, burn over-ride,  e t c .  It 
cons is ted  of two 7501 explos ive  charges  f i r e d  s imul taneous ly  a t  t h e  bottom of the 
c o a l  seam a t  a depth  of  150' .  
t o  enhance t h e  permeabi l i ty  t h e r e  f o r  b e t t e r  l i q u i d  dra inage  and gas  flow. P r io r  
t o  f r a c t u r i n g ,  t h e  s i te geology, hydrology and permeabi l i ty  were c a r e f u l l y  
charac te r ized .  (4) Pos t  f r a c t u r e  c h a r a c t e r i z a t i o n  of t h e  si te,  i n  l a te  1975, using 
hydrology showed t h a t  t h e  coa l  permeabi l i ty  was s t imu la t ed  from . 3  darcy  preshot 
t o  about 2-4 d a r c i e s  pos t sho t .  (5) 

It was designed t o  provide  informat ion  on w e l l  

The exp los ives  were placed a t  t h e  bottom of t h e  seam 

During 1976 we  r e tu rned  t o  t h e  experiment t o  redetermine t h e  f r a c t u r i n g ,  t ake  
co res ,  remeasure t h e  pe rmeab i l i t y  d i s t r i b u t i o n s ,  dewater t h e  coa l ,  measure a i r  
f lows ,  and, f i n a l l y ,  g a s i f y  t h e  coa l .  

Phase #2:  S i t e  P l an  and Ins t rumenta t ion  

The f i n a l ,  a s -bu i l t ,  w e l l  p a t t e r n  f o r  phase #2 i s  shown i n  Fig. 2. Well 1-0 
was s t e e l  cased t o  t h e  top of the F e l i x  No. 2 s e a m  and communicates d i r e c t l y  with 
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t h e  rubb le - f i l l ed  HE cav i ty  below it. 
t h e  bottom 5' of t h e  c o a l  bed. The HE w e l l  w a s  cemented t o  t h e  s u r f a c e  a f t e r  t h e  
shot .  A l l  of t h e  w e l l s  1-1 through 1-8 w e r e  uncased ins t rument  w e l l s .  They 
contained thermocouples and tubes  fo r  water level measurements and gas  sampling, 

Well P-1 w a s  steel cased and cemented wi th in  

The dewatering w e l l s  DW-1 t h ru  DW-6 were steel cased t o  t h e  top  of t h e  c o a l ,  
screened th ru  t h e  c o a l  and had a steel pump s e c t i o n  below t h e  coa l .  These w e l l s  
each contained a 25 gpm capac i ty  water pump i n  t h e  sump sec t ion .  
hydrology tests ind ica t ed  t h a t  c a l c u l a t i n g  t h e  w e l l  d i s t r i b u t i o n  r equ i r ed  t o  
dewater t h i s  very  non-homogeneous zone would b e  very  d i f f i c u l t .  
decided t o  surround the  a n t i c i p a t e d  burn zone wi th  dewatering pumps. The p o s i t i o n s  
of DW-1 and DW-6 were chosen t o  g ive  two d i f f e r e n t  r a d i a l  d i s t a n c e s  from a sho t  
cen te r  f o r  permeabi l i ty  measurements. 

The p re l imina ry  

Therefore ,  we 

I n s t a l l i n g  t h e  instrument packages i n  uncased ho le s  c l o s e  t o  t h e  sho t  p o i n t s  
w a s  accomplished success fu l ly  bu t  not without some d i f f i c u l t y .  Once t h e  d r i l l  
reached t h e  bottom t h i r d  of t h e  Fe l ix  No. 2 seam, wa l l  c o l l a p s e  became a s e r i o u s  
problem. A l l  d r i l l i n g  w a s  done wi th  air  and foam t o  prevent c logging  of t h e  
f r a c t u r e d  coa l  bu t  t h i s  provided no s t a b i l i z a t i o n  f o r  t h e  ho le  w a l l s  i n  t h e  h igh ly  
f r a c t u r e d  coa l .  
i n t o  t h e  ho le  as t h e  instrument package w a s  be ing  lowered. 

Most of t h e  ins t rument  emplacements w e r e  done by f lowing  water 

No unusual problems were encountered dur ing  t h e  cons t ruc t ion  of t h e  dewatering 
w e l l s ,  al though the  d r i l l e r  d id  n o t i c e  t h a t  t h e  major zone of water product ion  
wi th in  t h e  Fe l ix  No. 2 s e a m  w a s  i n  t h e  top  few f e e t  f o r  a l l  t h e  w e l l s  d r i l l e d .  

This program is  descr ibed  i n  more d e t a i l  i n  r e fe rence  6. 

I n  t h e  des ign  of t h e  ins t rumenta t ion  f o r  t h i s  experiment, w e  dec ided  t o  con- 
c e n t r a t e  on t h r e e  major measurement requirements.  They were; a i r  and g a s  flow 
rates, product gas composition and g a s i f i c a t i o n  zone temperature d i s t r i b u t i o n .  

The air  and gas  flow rates were measured w i t h  s tandard  o r i f i c e  p l a t e s  u s ing  
remote readout p re s su re  t ransducers  and thermocouples f o r  t h e  P ,  AP, and T 
measurements. These da t a ,  as w e r e  a l l  o the r s ,  were recorded on s t r i p  c h a r t s  i n  
p a r a l l e l  wi th  a d a t a  logger  t h a t  recorded d i g i t a l l y  on magnetic tape .  

The o r i f i c e  flow meters were rugged and survived f lood ing  wi th  water, t a r s ,  
and c o a l  f i n e s .  Maintenance w a s  inconvenient and messy bu t  i t  w a s  poss ib l e .  

The product gas  composition was measured wi th  two on- l ine  gas  chromatographs 
t h a t  sampled au tomat ica l ly  a t  hourly o r  s h o r t e r  i n t e r v a l s  throughout t h e  experiment.  
The ope ra t ion  was q u i t e  success fu l  wi th  no major problems. 

Two of t h e  ins t rumenta t ion  w e l l s ,  1-1 and 1-2 w e r e  cons t ruc ted  du r ing  t h e  
f i r s t  phase of t h e  experiment. These w e l l s  contained t h r e e  thermocouples each w i t h  
one a t  t h e  top, cen te r  and bottom of t h e  coa l  s e a m .  The o the r  ins t rument  w e l l s ,  
1-3 through 1-8, each contained seven thermocouples d i s t r i b u t e d  as shown i n  Fig.  3. 

Each instrument w e l l  a l s o  contained a s t a i n l e s s  steel tube  used f o r  water 

Severa l  of these  plugged wi th  c o a l  f i n e s  bu t  enough w e r e  
l e v e l  measurement. This  was  accomplished by bubl ing  air through and measuring t h e  
h y d r o s t a t i c  pressure .  
a v a i l a b l e  t o  s a t i s f a c t o r i l y  complete t h e  hydrology measurement program. During t h e  
g a s i f i c a t i o n  period the  bubbler tubes were used as gas  p re s su re  i n d i c a t o r s  and t o  
e x t r a c t  gas  samples from t h e  burn zone. 
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Three w e l l s ,  CB-1, CB-2, and CB-3, had a s t a i n l e s s  steel tube sea l ed  i n  p lace  
f o r  use wi th  a movable thermocouple. Only w e l l  CB-2 ever showed a s u b s t a n t i a l  
t empera ture  r ise and t h a t  on ly  near t h e  end of t h e  g a s i f i c a t i o n  per iod .  

The f ixed  thermocouples were 1f8"  diameter s t a i n l e s s  s teel  sheathed 
chromel-alumel. They were enclosed i n  a s t a i n l e s s  s teel  housing t o  provide 
mechanical p r o t e c t i o n .  The thermocouples a l l  opera ted  s a t i s f a c t o r i l y  u n t i l  t h e  
burn f ron t  a c t u a l l y  reached  t h e  wel l .  Most of t h e  thermocouples t h a t  w e r e  exposed 
to  high temperatures (approximately 1000°C) even tua l ly  burned out .  The f a i l u r e  
i n d i c a t i o n  w a s  a change i n  r e s i s t a n c e  as they  shor ted  ou t  and formed new junc t ion  
p o i n t s .  The time of f a i l u r e  w a s  determined by in spec t ion  of t h e  temperature 
r eco rds  f o r  erratic behavior  o r ,  i n  most ca ses ,  when a l l  thermocouples i n  a w e l l  
i n d i c a t e  t h e  same temperature.  

Coring and Hydrologic Tes t ing  

Examination of c o r e s  taken a f t e r  t h e  b l a s t  showed moderate t o  heavy f r ac tu r ing  
i n  t h e  upper few f e e t  of t h e  c o a l  bed, then  a lesser f r ac tu red  zone i n  t h e  middle, 
and a h ighly  pu lve r i zed  zone a t  t h e  bottom 5-10' of t h e  c o a l  bed. Core from t h e  
ho le s  between t h e  t w o  exp los ive  charges showed t h e  most f r a c t u r i n g  whi le  core  from 
t h e  ho le s  f a r t h e s t  o u t  t h e  l e a s t .  Correspondence of t h e  degree of f r a c t u r i n g  wi th  
one  and two d imens iona l  explos ive  code c a l c u l a t i o n s  i s  bu i ld ing  confidence i n  our 
a b i l i t y  t o  c a l c u l a t e  t h e  ex ten t  of f r a c t u r i n g .  However, a review of flow behavior 
p r e  and pos t  exp los ion  l ed  t o  t h e  conclus ion  t h a t  Permeabi l i ty  i s  not  a simple 
func t ion  of t h e  deg ree  of f r ac tu r ing .  

We found, i n  gene ra l ,  t h a t  pos tshot  w e l l s  completed i n  t h e  lower p a r t  of t he  
c o a l  bed showed t h a t  t h e  c o a l  i n  these  r eg ions  w a s  of lower permeabi l i ty  than 
preshot .  
water  than a preshot  w e l l ,  u n t i l  ex tens ive  c l ean ing  ope ra t ions  f i n a l l y  opened up a 
connection from i t  t o  w e l l  1-5. (6,8) 

Well P-1, when i n i t i a l l y  completed, produced an order  of magnitude less 

Analysis of t h e  drawdown measurements (9)  shows t h r e e  major reg ions  of 
permeabi l i ty ;  a n a t i v e  r eg ion  of 0.3 darcy  permeabi l i ty  a t  r a d i a l  d i s t a n c e s  g rea t e r  
than  50 f e e t ,  a high (10-20 darcy)  inne r  co re  reg ion  wi th in  10 f e e t  of t he  HE we l l s  
and a n  in t e rmed ia t e  enhanced reg ion  (1 /2 t o  3 darcy) .  These va lues  of permeabi l i ty  
r ep resen t s  averages  ove r  t h e  c o a l  th ickness .  

Slug and pu l se  test showed similar p a t t e r n s  but  a l s o  ind ica t ed  a cons iderable  
deg ree  of he t e rogene i ty  i n  t h e s e  th ree  reg ions .  

Our i n t e r p r e t a t i o n  of t h e  hydrology and cor ing  d a t a  is t h e  following. 
f r a c t u r i n g  r e s u l t i n g  from t h e  explos ive  charges enhanced t h e  average permeabi l i ty  
i n  t h e  v i c i n i t y  of t h e  charges ,  when t h e  seamed is  viewed i n  a two dimensional 
a r e a l  perspec t ive .  However, when viewed i n  c r o s s  s e c t i o n  i t  appears  t h a t  a t  c e r t a i n  
v e r t i c a l  l o c a t i o n s  nea r  t h e  explos ive  charges ,  t h e  permeabi l i ty  i s  below preshot  
levels. This  is be l i eved  t o  be a r e s u l t  of plugging by c o a l  f i n e s  produced by the  
i n t e n s e  c lose - in  f r a c t u r i n g .  Consequently a l though t h e  explos ives  were emplaced 
a t  t h e  bottom of the c o a l  bed, much of t h e  permeabi l i ty  enhancement apparent ly  
tended t o  be  nea r  t h e  top  of t h e  seam. 

The 
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Dewatering 

Dewatering r a t e s  were i n  good agreement with es t imates .  (10) Af t e r  a few 
hours of higher flow r a t e s  a r e l a t i v e l y  cons tan t  r a t e  of water withdrawal of 
approximately 10 gpm was observed. 
s u r i z a t i o n  during air flow t e s t s  cu t  t h e  r a t e  t o  near  zero. 

This withdraw1 r a t e  was maintained u n t i l  pres- 

Figure 4 shows the  a c t u a l  water l e v e l s  observed a t  va r ious  observa t ion  po in t s  
i n  t h e  f r ac tu red  coa l .  Water l e v e l s  i nd ica t ed  a t  t h e  right-hand s i d e  of t he  f i g u r e  
were measured 3-5 days a f t e r  start of dewatering. 
were pumped below t h e  coa l  seam bottom. 
f e e t  e a s t  of t he  HE we l l s  and EM-1, 2,  and 3 were 100 f e e t  e a s t .  

Wells DW-1 through 6 and P-1 
Wells EM-4 and EM-5 were approximately 50 

The l o c a l  v a r i a t i o n s  i n  permeabi l i ty  a r e  ev ident  from t h i s  f i g u r e .  The water 
l e v e l  i n  1-5, 1-7, and t h e  HE wel l  dropped t o  wi th in  a few f e e t  of t h e  bottom wi th in  
one hour while t he  l e v e l  i n  &OW, which is only a few f e e t  away from P-1, remained 
w e l l  above the  top of t h e  coa l .  

A i r  Flow Tests 

A i r  flow tests were begun by i n j e c t i n g  air  i n t o  wel l  1-0 a t  about 15 ps ig .  
The p res su re  was gradual ly  r a i s e d  t o  60 ps ig  and t h e  flow allowed t o  s t a b i l i z e .  
No leakage  t o  the  su r face  was observed but p re s su res  of up t o  40 ps ig  were observed 
i n  we l l s  100 f e e t  away. A i r  l o s s e s  t o  t he  underground system were approximately 
40% f o r  t h i s  mode of opera t ion .  

The 1-0 w e l l  was d r i l l e d  and cased t o  t h e  top of t h e  coa l  seam. The rubble  
f i l l e d  explosion cav i ty  extends completely through t h e  coa l .  Thus, w i th  t h e  cav i ty  
dewatered, i n j e c t i n g  air i n t o  1-0 pu t s  high p res su re  on t h e  e n t i r e  c a v i t y  lead ing  
t o  many poss ib le  pa ths  f o r  leakage to  t h e  surroundings.  
sugges ts  t h a t  good communication paths e x i s t  from t h e  1-0 w e l l  t o  DW-6, DW-1 and 
presumably t o  t h e  environmental we l l s  EM-1 through 6. 

The hydrology da ta  

Reversing the  a i r  flow and i n j e c t i n g  i n  wel l  P-1 put h igh  p res su re  a t  t h e  
bottom of the  seam. This reduced t h e  p re s su re  i n  t h e  1-0 wel l  and a l s o  reduced t h e  
a i r  l o s ses .  About 95% of the  in j ec t ed  a i r  was recovered i n  t h i s  mode of opera t ion .  

Because of t h e  l a r g e  air loss found when i n j e c t i n g  i n  1-0 w e  decided t o  
r e v e r s e  our o r i g i n a l  i n t e n t i o n  and g a s i f y  from w e l l  P-1 t o  we l l  1-0. 

Two SF6 t r a c e r  runs were made, one f o r  each flow d i r e c t i o n .  
q u i t e  successfu l  and implied an a c c e s s i b l e  void volume of about 600 f t  . The e tests were 4 

GASIFICATION 

I g n i t i o n  

E l e c t r i c a l  r e s i s t a n c e  hea t ing  (1 Kw) was used t o  i g n i t e  t he  coa l .  Two 
e l e c t r i c  barbeque charcoa l  l i g h t e r s  were s t rapped  toge ther  and lowered down t h e  P-1 
wel l  along wi th  a thermocouple. Severa l  bags of charcoa l  b r i q u e t s  were dumped down 
t h e  w e l l  u n t i l  t he  l i g h t e r s  w e r e  covered. Once a l l  va lves  were p rope r ly  set and 
t h e  a i r  flow turned on, t h e  charcoa l  i g n i t e d  i n  a few minutes,  a s  i nd ica t ed  by t h e  
thermocouple. I g n i t i o n  took p l ace  a t  16:30 on Oct. 15, 1976 (Ju l ian  day 289.7).  
The i n j e c t i o n  and product ion  flow r a t e s  a r e  shown i n  Fig.  5 f o r  t h e  e n t i r e  
experiment. 
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Gas i f i ca t ion  His tory  

A s  mentioned p rev ious ly  a good comunica t ion  pa th  w a s  e s t ab l i shed  through t h e  
bottom pa r t  of t h e  c o a l  seam between w e l l  P-1 and w e l l  1-5, i n  t h e  cen te r  of t h e  
zone as shown i n  Fig. 2. We expected t h a t  t he  burn would progress  a long  t h i s  pa th  
and then  t r a v e l  upward and go a long  t h e  top  of t h e  seam t o  w e l l  1-0. 
seemed t o  be t h e  case.  
dropped from 130 scfm t o  100 scfm dur ing  t h e  f i r s t  two hours a f t e r  i g n i t i o n ,  and 
then the  f low rose s t e a d i l y  f o r  t h e  r e s t  of t he  day. Thermocouples i n  two of t he  
w e l l s ,  1-7 and 1-5 responded wi th in  a hour of i gn i t i on .  Temperature of about 100°C 
were recorded a t  t h e  142 f o o t  l e v e l ,  two-thirds of t h e  way i n t o  t h e  coa l  seam a t  
both  wel l s .  This  s i t u a t i o n  i s  i l l u s t r a t e d  i n  F ig .  6 .  H e r e ,  t h e  thermocouple w e l l s  
and i n j e c t i o n  and product ion  w e l l s  are shown i n  t h e i r  r e l a t i v e  p o s i t i o n s  wi th  the  
top  of t he  coa l  seam ind ica t ed  by a t i c  mark t o  the  l e f t  of t h e  v e r t i c a l  s c a l e .  
(The v e r t i c a l  d i s t a n c e  s c a l e  f a c t o r  i s  t w i c e  t h e  h o r i z o n t a l  scale f a c t o r . )  
I n j e c t i o n  and product ion  flows are ind ica t ed  by arrows where t h e  l eng th  of t he  
arrow is p ropor t iona l  t o  t h e  flow r a t e .  

On t h e  second day of g a s i f i c a t i o n  (day 290) tempera tures  began t o  r i s e  i n  

The 

A t  f i r s t  t h i s  
Operating wi th  an inpu t  p re s su re  of about 60 ps ig ,  t he  flow 

w e l l s  1-1, 1-6, 1-8, and DW-4 as shown i n  F ig .  7. A t  about  290.6 t h e  output  flow 
increased  sha rp ly  t o  1300 scfm and a l a r g e  quan t i ty  of water was  produced. 
i n j e c t i o n  p res su re  w a s  lowered s e v e r a l  t i m e s  t o  con t ro l  t h e  flow. Af t e r  a few 
hours  of con t ro l l ed  product ion  t h e  flow increased  suddenly t o  over 2400 scfm 
accompanied by t h e  emiss ion  of coa l  f i n e s  mixed w i t h  tar. A l l  of t h e  p re s su re  and 
gas  sampling lines w e r e  qu ick ly  plugged as w e l l  as t h e  product ion  f low meter 
o r i f i c e  p l a t e .  The bypass l i n e  around t h e  flow meter s e c t i o n  w a s  opened t o  shunt 
t h e  gas  flow whi le  r e p a i r s  w e r e  be ing  made. 
F ig .  8 c l e a r l y  shows t h e  ove r r ide  a t  t h i s  t i m e .  

The temperature d i s t r i b u t i o n  g iven  i n  

The hea t ing  v a l u e  of t h e  produced gas  is shown i n  Fig.  9 .  The s teady  
The temperature d e c l i n e  i n  t h e  days  fo l lowing  t h e  breakthrough is  evident .  

d i s t r i b u t i o n  on day 291.7 and 292.9 a r e  shown i n  F igs .  10 and 11. The inc rease  i n  
temperature nea r  t h e  top  of t h e  s e a m  i n  w e l l s  1-4, 1-6, and 1-7 is i n d i c a t i v e  of 
t h e  c r e a t i o n  of an o v e r r i d e  pa th  along t h e  top of t h e  c o a l  seam. The d i s t r i b u t i o n  
on day 294.9, Fig.  12 shows t h a t  although t h e  burn i s  predominently near  t h e  top 
of the coa l ,  t h e r e  i s  some i n d i c a t i o n  of burning i n  t h e  bottom ha l f  of t h e  seam 
espec ia l ly  a t  1-1. 

A high flow tes t  w a s  run  on day 295.5 - see Fig .  5 .  However, as can be seen 
i n  Fig.  9 the h e a t i n g  v a l u e  d id  no t  change apprec iab ly  except f o r  a temporary d i p  
a t  t h e  end of the test. No major changes i n  tempera ture  were noted dur ing  t h i s  
test. 

During t h e  h igh  f low test  we  t r i e d  a per iod  o f  water i n j e c t i o n  i n t o  t h e  input  
w e l l ,  P-1. From 1 t o  2 gpm of water w a s  i n j e c t e d  which is almost equal  to the  
n a t u r a l  i n f lux .  No measurable e f f e c t  on any parameter w a s  found. This  is f u r t h e r  
evidence t h a t  the burn  was nea r  t h e  top of t h e  coa l  a t  t h i s  time. 

By day 297, t h e  burn  f r o n t  w a s  c l o s e  enough t o  t h e  product ion  w e l l ,  1-0 so 
t h a t  the  output  gas  tempera ture  had reached 400°C and was s t i l l  climbing. A small  
l e a k  had developed i n  t h e  g rou t  seal around t h e  w e l l  ca s ing  and t h e  va lve  gaske ts  
were being s e r i o u s l y  overhea ted .  An a t tempt  w a s  made t o  cool t h e  gas  by f looding  
w e l l s  DW-1 and DW-6. Although a s l i g h t  dec rease  i n  w e l l  head temperature was noted, 
t h e  main e f f e c t  was t o  i n c r e a s e  t h e  production flow rate  and t o  increase t h e  hea t ing  
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va lue  of t h e  gas  t o  150 Btu /cuf t .  
so t h e  attempt was stopped and t h e  pumps turned back on. 

This  caused t h e  f l a r e  s t a c k  tempera ture  t o  climb 

Reducing the  flow rate by c u t t i n g  t h e  inpu t  p re s su re  helped t o  reduce  t h e  
output  temperature bu t  i t  a l s o  caused a s e r i o u s  d e t e r i o r a t i o n  i n  t h e  hea t ing  va lue  
of t h e  gas.  Raising t h e  p re s su re  d id  no t  r e s t o r e  t h e  hea t ing  va lue  t o  i t s  o r i g i n a l  
po in t  and t h e  d e t e r i o r a t i o n  continued. The compressor w a s  shu t  down and t h e  
g a s i f i c a t i o n  experiment terminated on  day 300. F igure  1 3  shows t h e  temperature 
d i s t r i b u t i o n s  at t h i s  t i m e .  

G a s i f i c a t i o n  Resu l t s  

Gas i f i ca t ion  proceeded f o r  11 days. During t h i s  t i m e  approximately 10 MMSCF 
of a i r  were in j ec t ed  and 19 MMSCF (13.2 MMSCF dry) of gas  were produced. I n i t i a l  
a i r  i n j e c t i o n  p res su re  w a s  approximately 70 p s i a  which f e l l  r a p i d l y  on t h e  second 
day of ope ra t ion  t o  a va lue  of 25-30 ps i a .  Production p res su res  were gene ra l ly  
about 5 p s i  lower. 
r ap id  inc rease  i n  flow conductance of t h e  formation. 

The r ap id  decrease  i n  i n j e c t i o n  p res su re  w a s  a r e s u l t  of the 

The r ap id  change i n  conductance dur ing  t h e  i n i t i a l  po r t ion  of t h e  g a s i f i c a t i o n  
i s  shown i n  F ig .  14. J u s t  a f t e r  i g n i t i o n  t h e  relative conductance f e l l  r a p i d l y  and 
then  recovered t o  approximately 70% of its p r e g a s i f i c a t i o n  l e v e l  and maintained t h i s  
l e v e l  f o r  approximately 1 / 2  a day. A t  t h i s  po in t  t h e  rap id  rise occurred and dur ing  
t h e  course  of most of t h e  g a s i f i c a t i o n  t h e  conductance w a s  50 t o  100 t imes i t s  
pregas i f  i c a t i o n  value.  

Gas l o s e s  dur ing  t h e  g a s i f i c a t i o n  w e r e  only s i g n i f i c a n t  dur ing  t h e  e a r l y  h igh  
p res su re  opera t ions .  F igure  15 shows t h e  i n t e g r a t e d  gas recovery (based on a 
n i t rogen  balance) as a func t ion  of t i m e .  It shows a n  u l t i m a t e  recovery of 93% of 
t h e  i n j e c t e d  n i t rogen .  

The dry gas  composition, a s  measured by gas  chromatograph, f o r  t h e  primary 
. gas  components a r e  shown as a func t ion  of t ime i n  Figs.  1 6  and 17. A h igher  

percentage  of py ro lys i s  gases  were appa ren t ly  p re sen t  dur ing  t h e  f i r s t  two days of 
t h e  test r e s u l t i n g  i n  a h igher  methane concent ra t ion .  
of t h e  tests gas  composition was r e l a t i v e l y  s t a b l e .  This  w a s  followed by a marked 
d e c l i n e  i n  CO, H2. and CH4 l e v e l s  occur r ing  near  t h e  end of t h e  test a s  t h e  
ox ida t ion  zone approached t h e  exhaust w e l l .  No in f luence  on composition can  be  seen 
as a r e s u l t  of t h e  high flow tes t .  However, a d e f i n i t e  change i n  t h e  composition 
is ind ica t ed  dur ing  and a f t e r  t h e  i n j e c t i o n  of t h e  w a t e r  s lug .  This c o n s i s t s  of a 
rap id  rise i n  hydrogen concent ra t ion  followed by a r ap id  d e c l i n e  i n  H2, CO, and CH 

Considerable q u a n t i t i e s  of water were produced from t h e  area i n  the form and 

During t h e  c e n t r a l  po r t ion  

4' 

l i q u i d  and gas dur ing  t h e  g a s i f i c a t i o n  tes t .  
l oca t ed  i n  t h e  DW w e l l s .  Steam w a s  produced from t h e  g a s i f i c a t i o n  product ion  w e l l .  
The steam accounted f o r  30% of t h e  t o t a l  produced gas  volume (see F ig .  1 8 ) .  

Liquid water w a s  produced by pumps 

The burn geometry as deduced from t h e  thermocouple d a t a  and c o a l  consumption 
e s t ima tes  i s  shown i n  F ig .  19a (p lan  view) and Fig .  19b ( e l eva t ion  view). The burn 
s t a r t e d  a t  the  bottom of w e l l  P-1 and was progress ing  h o r i z o n t a l l y  towards w e l l  1-5 
and a l s o  v e r t i c a l l y  toward t h e  top  of t h e  seam. 
mostly along t h e  top of t h e  seam bu t  a l s o  continued a long  t h e  c e n t r a l  l i n e  a t  
lower e l eva t ion  i n  t h e  coa l .  

Af t e r  t h e  blow-out t h e  burn went 
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The t o t a l  energy recovery i n  t h e  form of combustible gas  w a s  65% of t h a t  
a v a i l a b l e  from the  est imated 128 tons  of consumed coa l .  
is shown i n  Fig.  20. Note t h a t  i f  t h e  combustion energy est imated t o  B e  p re sen t  
i n  t h e  produced t a r s  is included as useab le  energy t h e  t o t a l  u s e f u l  energy recovery 
becomes approximately 73%. The underground l o s s e s  of hea t  energy were q u i t e  small. 
The l a r g e s t  energy loss from t h e  system w a s  due t o  t h e  product ion of a considerable  
amount of steam. 

The t o t a l  energy balance 

Conclusions - A .  Explosive F rac tu r ing  

Hoe Creek experiment No. 1 i s  probably one of t h e  most thoroughly diagnosed 
f r a c t u r e  experiments eve r  performed by our  l abora to ry .  
agreement between experiment and our  one and two dimensional codes SOC and TENSOR 
is q u i t e  good i n  p r e d i c t i n g  t h e  deg ree  of f r a c t u r e .  There a r e  s t i l l  some d e t a i l s  
t h a t  a r e  no t  c l e a r .  
s c a l e  asymetries a s  a f u n c t i o n  of azimuth from t h e  s h o t  p o i n t s  a r e  hard t o  
understand i n  what appea r s  t o  be a very homogeneous c o a l  seam. 

We f e e l  t h a t  t h e  gene ra l  

The l aye red  appearance of t h e  f r a c t u r i n g  and t h e  r a t h e r  l a r g e  

Our knowledge of t h e  r e l a t i o n s h i p  of degree of f r a c t u r e  t o  permeabi l i ty  i s  
much less s a t i s f a c t o r y .  In f a c t ,  comparing t h e  r e s u l t s  from t h e  Kemmerer and Hoe 
Creek experiments,  i t  i s  obvious t h a t  t o t a l  f a i l u r e  s t r a i n ,  (shear p lus  t e n s i l e ) ,  
is n o t  a r e l i a b l e  p r e d i c t o r  of permeabi l i ty .  We are looking i n t o  t h e  p o s s i b i l i t y  
t h a t  t e n s i l e  f a i l u r e  (11) may be more d i r e c t l y  r e l a t e d  t o  permeabi l i ty .  

The r e s u l t s  from t h e  Hoe Creek experiment i n d i c a t e  t h a t  s p h e r i c a l  HE sho t s  
placed a t  t h e  bottom o f  t h e  c o a l  seam w i l l  no t  produce a permeabi l i ty  d i s t r i b u t i o n  
t h a t  i s  s u i t a b l e  f o r  g a s i f i c a t i o n .  
a r e  under c o n s i d e r a t i o n  f o r  f u t u r e  experiments.  (12) 

Other geometries and types of  exp los ive  f r a c t u r e  

Conclusions - B. Gas i f i ca t ion  

Forward combustion g a s i f i c a t i o n  was achieved without  any problem of plugging 
of t h e  formation. Af t e r  two days of ope ra t ion ,  f low conduc t iv i ty  was a n  order  of 
magnitude above p re -gas i f i ca t ion  l e v e l s .  However, even be fo re  t h i s  s h o r t  c i r c u i t  
cond i t ion  was  reached, plugging d i d  n o t  seem t o  be  s e r i o u s .  

I n j e c t i n g  a i r  a t  w e l l  1-0 r e s u l t e d  i n  unacceptably high l o s s e s .  
t h e  flow d i r e c t i o n  f o r  g a s i f i c a t i o n  so t h a t  w e l l  1-0 w a s  kept  a s  c l o s e  t o  
atmospheric p re s su re  as p o s s i b l e  reduced t h e  o v e r a l l  loss r a t e  t o  7%. 

Reversing 

The s h o r t  c i r c u i t i n g  of t h e  f low which occurred a f t e r  28 hours of g a s i f i c a t i o n ,  
l imi t ed  t h e  t o t a l  volume of c o a l  g a s i f i e d .  

The gas  composition, gas  hea t ing  v a l u e  and oxygen u t i l i z a t i o n  w e r e  a l l  f a i r l y  
constant  during t h e  cour se  of t h e  burn. Marked change occurred only a t  t h e  end of 
t h e  experiment. 
r a t e .  

G a s  composition was no t  inf luenced by doubling t h e  a i r  i n j e c t i o n  

The t o t a l  water i n f l u x  i n t o  the  g a s i f i c a t i o n  r eg ion  was about 65% of t h e  
p re -gas i f i ca t ion  l e v e l .  About 30% of t h i s  amount entered t h e  h o t  zone. However, 
t h i s  water i n f l u x  d id  no t  appear t o  i n f l u e n c e  t h e  product gas  composition, 
i nd ica t ing  t h a t  it mixed wi th  t h e  hot gas a f t e r  t h e  r e a c t i o n s  were completed. 
However, t h e  i n f l u x  of water i n t o  t h e  system may have l i m i t e d  the amount of c o a l  
recovered by l i m i t i n g  t h e  l a t e r a l  'spreading of t h e  burn zone. 
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Energy recovery i n  the  form of produced products  amounted t o  75% of t h e  energy 
There were  essentially no losses t o  the subsurface formation. i n  the consumed coal. 

The g r e a t e s t  energy loss took the form of  the product ion  of steam. 

“Reference to a company or product 
name does not imply approval or 
recommendation of the product by 
the University of California or the U.S. 
Energy Research & Development 
Administration to the exclusion of 
others that may be suitable.” 

NOTICE 
‘‘This report was prepared as an account o f  work 
sponsored by the United States Government. 
Neither the United States nor the United States 
Energy Research & Development Administration, 
nor any of their employeer, nor any o f  their 
contractors, subcontractors, or their employees, 
makes any warranty, expresr or implied, or 
BISUmeS m y  legal liability or responsibility for the 
accuracy, completeness or usefulness o f  any 
information, apparatus, product or process 
disclosed, or represents that its use would not 
infringe privately-owned rights:’ 
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Fig. 5 In j ec t ion  and production flow r a t e s  f o r  t h e  e n t i r e  g a s i f i c a t i o n  experiment. 
The production flow w a s  ca l cu la t ed  from a n i t rogen  balance f o r  t h e  per iod  
291.4-292.2 when t h e  production flow meter was  bypassed. 
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Fig. 6 Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 289.74. The wel l s  a r e  
shown i n  r e l a t i v e  p o s i t i o n s  i n  t h e  coa l  seam. The v e r t i c a l  d i s t a n c e  s c a l e  
f a c t o r  i s  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  
i n j e c t i o n  and production po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  

The l eng th  of t h e  arrows marking 
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Fig. 7 Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 290.60. 
shown i n  r e l a t i v e  p o s i t i o n s  i n  t h e  coa l  seam. 
f ac to r  i s  tw ice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  
i n j e c t i o n  and product ion  po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  

The we l l s  a r e  
The v e r t i c a l  d i s t ance  s c a l e  

The l eng th  of t h e  arrows marking 

Fig.  8 Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 291.2. The wel l s  a r e  
shown i n  r e l a t i v e  p o s i t i o n s  i n  t h e  coa l  seam. 
f a c t o r  is  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  The l eng th  of t h e  arrows marking 
i n j e c t i o n  and product ion  po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  

The v e r t i c a l  d i s t ance  s c a l e  
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Fig. 9 Dry gas hea t ing  va lue  during g a s i f i c a t i o n .  
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Fig.  1 0  Temperature p r o f i l e s  i n  t h e  instrument wel l s  on day 291.70. The we l l s  are 
shown i n  r e l a t i v e  pos i t i ons  i n  t h e  coa l  seam. The v e r t i c a l  d i s t a n c e  s c a l e  
f a c t o r  i s  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  The l eng th  of t h e  arp~ows marking 
i n j e c t i o n  and production po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  
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Fig .  11 Temperature p r o f i l e s  i n  t h e  instrument w e l l s  on day 292.94. The w e l l s  a r e  
shown i n  r e l a t i v e  pos i t i ons  i n  t h e  coa l  seam. The v e r t i c a l  d i s t ance  s c a l e  
f a c t o r  is  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  
i n j e c t i o n  and product ion  po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  

The l eng th  of t h e  arrows marking 

E ‘c u 

Fig. 1 2  Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 294.94. The we l l s  a r e  
The v e r t i c a l  d i s t ance  s c a l e  shown i n  r e l a t i v e  pos i t i ons  i n  t h e  coa l  seam. 

f a c t o r  i s  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  The l eng th  of t h e  arrows marking 
i n j e c t i o n  and. product ion  po in t s  are p ropor t iona l  t o  t h e  flow r a t e s .  
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Fig. 13  Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 300.26. The wel l s  are 
shown i n  r e l a t i v e  pos i t i ons  i n  t h e  coa l  seam. The v e r t i c a l  d i s t ance  s c a l e  
f a c t o r  i s  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  The l eng th  of t h e  arrows marking 
i n j e c t i o n  and production po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  
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Fig. 14 Rela t ive  formation conductance between i n j e c t i o n  and production w e l l .  
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FIELD HYDROLOGICAL TESTS OF EXPLOSIVELY FRACTURED COAL* 

D. F. Snoeberger 

Lawrence Livermore Laboratory,  Univers i ty  of C a l i f o r n i a  
Livermore, C a l i f o r n i a  94550 

INTRODUCTION 

Hydrologic t e s t s  were made i n  the  explos ive ly  f r a c t u r e d  F e l i x  No. 2 coal  seam 
on p a r t  of  t h e  Lawrence Livermore Laboratory i n - s i t u  c o a l  g a s i f i c a t i o n  experiment 
a t  the  Hoe Creek s i t e  24 km SW o f  G i l l e t t e ,  Wy. (1) The purposes were t o  eva lua te  
w e l l s  and regions t o  be g a s i f i e d  and to  ga in  informat ion  f o r  improvement o f  explo- 
s i v e  e f f e c t s  p r e d i c t i o n s .  

In t h i s  paper r e l a t e d  p r i o r  work i s  summarized and prel iminary i n t e r p r e t a t i o n s  
of  t h e  pos t - f rac tur ing  hydro logica l  tests a r e  given.  

REVIEW OF PRIOR FIELD WORK 

Hydrogeology (2 ,3)  

The subbituminous F e l i x  c o a l  occurs  w i t h i n  t h e  Eocene Wasatch Formation and 
a t  the  experimental  s i t e  c o n s i s t s  of two near ly  h o r i z o n t a l  seams, F e l i x  No. 1 and 
F e l i x  No. 2 i n  descending order .  They a r e  of n e a r l y  c o n s t a n t  t h i c k n e s s ,  3 m and 
7.6 m r e s p e c t i v e l y ,  and s e p a r a t e d  by approximately 5 m o f  s i l t s t o n e - c l a y s t o n e  u n i t .  
The Fe l ix  No. 2 is  u n d e r l a i n  by at l e a s t  3 m of a c lays tone-sha le  u n i t .  A t y p i c a l  
l i t h o l o g i c  sequence of near-surface strata i s  shown i n  F ig .  1. 

The water t a b l e  i s  approximately 23  m above t h e  t o p  of  t h e  F e l i x  No. 2 c o a l  
which can be c h a r a c t e r i z e d  as a leaky a n i s o t r o p i c  a q u i f e r .  Its average h o r i z o n t a l  
f r a c t u r e  permeabi l i ty  i s  0.3 darcy.  Its a x i s  of  maximum permeabi l i ty  (0.4 darcy) 
t rends  N59'E corresponding approximately t o  t h e  average bear ing,  N70°E, of the most 
prominent s e t  of v e r t i c a l  f r a c t u r e s  ( f a c e  c l e a t ) .  Table  1 l ists  these  and o ther  
results f o r  t h e  c o a l  and a s s o c i a t e d  s t r a t a .  Surface l o c a t i o n s  of test w e l l s  are 
shown i n  Fig.  2 .  

Explosive F r a c t u r i n g  and Permeabi l i ty  (4) 

Two charges,  each of 340 k g  of explos ive ,  were f i r e d  s imultaneously on 
Nov. 5 ,  1975, i n  t h e  bottom 1 .5  m of t h e  c o a l  (Wells HE and INJ;** Fig. 3) .  The 
hor izonta l  s e p a r a t i o n  was 7 m. 

A t  t h i s  t i m e ,  p r e d i c t e d  p a t t e r n  of permeabi l i ty  enhancement i n  t h e  h o r i z o n t a l  
plane of t h e  charges showed a j o i n e d  reg ion  of 100 d a r c i e s  o r  g r e a t e r  a t  the  charge 
loca t ions  and a d e c r e a s e  of permeabi l i ty  with d i s t a n c e  o u t  t o  t h e  n a t i v e  coa l  
(0.3 darcy)  at approximately 13 m. 
recognized inc luding  compaction at a d i s t a n c e  around each charge and decreases  i n  
permeabi l i ty  due t o  genera t ion  o f  f i n e l y  s ized  p a r t i c l e s .  

Other p o s s i b l e  e f f e c t s  combinations were 

* 
This work was uerformed under t h e  auspices  of t h e  U.S. Energy and Research 

Development Admin. Contract  W-7405-Eng-48. ** 
Later redes igna ted  1-0. 

22 



Table 1. Hydraul ic  c h a r a c t e r i s t i c s a o f  F e l i x  c o a l  and a s s o c i a t e d  s t r a t a ,  
Hoe Creek si te,  pre-shot .  

Hor i z o n t  a1 V e r t i c a l  
permeabi l i ty  C o e f f i c i e n t  permeabi l i ty  

Stratum darcy  of s t o r a g e  darcy  

- 2 x 
b 

F e l i x  No. 1 0.47 t o  1.42' 

S t r a t a  between 0.1ZC 2.24 X 1 0  d 0.022 -lid 

F e l i x  No. 1 
and No. 2 

F e l i x  No. 2 0.41e 1.18 x 
0. 23f 

S t r a t a  below 
F e l i x  No. 2 - <O. 0015g 

aDashes i n d i c a t e  t h a t  no measurement w a s  made. 

bA range of v a l u e s  i s  g iven  f o r  two d i f f e r e n t - t y p e  s ingle-wel l  tests i n  t h e  

'Results from s l u g - i n j e c t i o n  tests. 

dValues a r e  averages f o r  t h e  t o t a l  th ickness  of  s t r a t a  between F e l i x  No. 1 

eValue along t h e  a x i s  of maximum hydraul ic  conduct iv i ty ,  which t r e n d s  N 59" E.  

fValue along t h e  a x i s  of minimum hydraul ic  conduct iv i ty ,  which t r e n d s  N 31° W. 

gRefers t o  average v a l u e s  f o r  f i r s t  2 . 1  m of s t r a t a  below bottom of F e l i x  

same w e l l .  

and F e l i x  No. 2 c o a l s .  

No. 2 coa l .  

I n i t i a l  Pos t  F r a c t u r i n g  Hydrologic T e s t s  (4,8) 

W e  t r i e d  pulse  tests and s u s t a i n e d  cons tan t - ra te  pumping (drawdown) tests t o  
measure permeabi l i ty  i n  t h e  heterogeneous explos ive- f rac tured  reg ion .  Both showed 
average enhanced p e r m e a b i l i t i e s  of 2-4 darcy f o r  assumed r a d i a l l y  symmetric reg ions .  
D e f i n i t i o n  w a s  l i m i t e d  by number of observa t ion  w e l l s  and l o c a t i o n s .  
pumping tests w a s  by drawdown d i f f e r e n c e  between w e l l s  a f t e r  t h e  r a t e  of change had 
slowed (quasi-s teady-state) .  
a f a c t o r  of 2 f o r  most observa t ion  w e l l s .  R e s u l t s  are shown i n  Table  2. 

Analys is  of 

A repea ted  pumping tes t  gave h igher  r e s u l t s  b u t  w i t h i n  

Observat ion of unchanging hydraul ic  head i n  t h e  F e l i x  No. 1 c o a l  (Well 12-OW) 
dur ing  t e s t i n g  i n d i c a t e d  t h a t  t h e r e  had been no major change i n  v e r t i c a l  l eakage  
i n t o  the F e l i x  No.  2 c o a l  a t t r i b u t a b l e  t o  the e x p l o s i v e  f r a c t u r i n g .  

These r e s u l t s  a long  w i t h  a i r - f low tests and new computer c a l c u l a t i o n s  of  
f r a c t u r i n g  were t h e  b a s e  f o r  f i e l d  modi f ica t ions  f o r  a g a s i f i c a t i o n  test. 
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Table  2. R e s u l t s  of  i n i t i a l  pos t - f rac tur ing  permeabi l i ty  tests. 

Pumped Observed Permeabi l i ty  

Analys is  w a s  by 
drawdown d i f f e r e n c e  a t  a f i x e d  l a t e  t i m e  except  as noted .  

w e l l  w e l l  darcy 

9-ow 3-OW 3.0 
8-ow 2.2 

9-OW (2 min p u l s e )  3-OW 2.3 
8-ow 2.3 

I N J  1-1 1 . 5  
(NOW 3-OW 1.7 

9-ow 3.3 
HE 1.6 
8-ow 1.7 
4-PW 0.7 

I N J  1-2 3.3 
(DEC) 3-OW 4.2 

HE 2.7 
8-ow 3 . 4  

Modified Well P a t t e r n ,  Completions and Ins t ruments  (5 ,6 ,7)  

In p r e p a r a t i o n  f o r  g a s i f i c a t i o n  a long  t h e  INJ-HE axis, a p a t t e r n  o f  dewater ing 
w e l l s ,  F igure  4 shows t h e  
loca t ions  as completed. F igure  5 shows t h e  s u r f a c e  l o c a t i o n s  of 5 environmental  
monitoring w e l l s  p laced  a t  2 d i s t a n c e s ,  approximately 15 m and 30 m out. Well com- 
p le t ions  were such  t h a t  t h e  i n j e c t i o n  and dewater ing w e l l s  could be approximated a s  
f u l l y  p e n e t r a t i n g  t h e  F e l i x  No. 2 coa l  and w e l l  P-1 as p a r t i a l l y  p e n e t r a t i n g ,  open 
i n  t h e  bottom 1.5 m of t h e  coa l .  
production and environmental  wells were cleaned and developed by methods similar t o  
those used f o r  t h e  pre-shot  hydrology w e l l s .  (2) Bubbler tubes ended near  t h e  base 
of t h e  coa l .  
t ransducers  f o r  h y d r a u l i c  head measurement and t ransmiss ion .  A l l  a v a i l a b l e  w e l l s  
and instrument  h o l e s  w e r e  provided bubblers  wi th  t h e  except ion  of t h e  f i v e  environ- 
mental w e l l s  i n  which we used w e l l  sounders  manually. 
were arranged t o  provide  f o r  hydraul ic  t e s t i n g  as w e l l  a s  g a s i f i c a t i o n  use .  Data 
recording equipment c o n s i s t e d  of s t r i p  c h a r t  r e c o r d e r s  and a d a t a  a c q u i s i t i o n  com- 
puter  with magnet ic  and p r i n t e d  paper-tape outputs ,  a l l  i n  p a r a l l e l .  

p roduct ion  w e l l *  and instrument  wells w a s  provided.  

Typical  w e l l s  a r e  shown i n  Fig.  6 .  The dewater ing,  

Bubblers  were equipped wi th  metered n i t r o g e n  gas  s u p p l i e s  and pressure  

Pumps, p ip ing  and instruments  

P o s t  Explosion Core Sampling (7) 

In order  t o  o b t a i n  more information on f r a c t u r i n g ,  four  c o r e s  had been taken 
completely through t h e  F e l i x  No. 2 c o a l  seam at l o c a t i o n s  1.8 m t o  2.7 m from s h o t  
sites. 
i n  t h e  top of t h e  c o a l ,  fol lowed by a less f r a c t u r e d  zone, and then by a heavi ly  

A l l  were found t o  be s i m i l a r  i n  appearance,  wi th  moderate t o  heavy f r a c t u r i n g  

* 
Designated PROD-1 i n i t i a l l y  and changed t o  P-1 later.  
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f rac tured  zone i n  t h e  bottom 1.5 m t o  3 m. The c o r e  between t h e  e x p l o s i v e s  l o c a t i o n s  
showed t h e  most f r a c t u r i n g ,  t h e  c o r e  f a r t h e s t  away from e i t h e r  e x h i b i t e d  t h e  least 
f r a c t u r i n g .  

PRE-GASIFICATION HYDROLOGICAL TESTS (7)  

Summary of R e s u l t s  and Discussion 

During development w e  found an unacceptably low water flow rate i n t o  w e l l  P-1, 
0.006 !&/sec (0 .1  gpm). 
remedial work on P-1 and d r i l l i n g  of a d i a g n o s t i c  and p o t e n t i a l  replacement  w e l l ,  
P-2. 

We reviewed p o s s i b l e  causes  and made contingency p l a n s  f o r  

We suspected cement i n t r u s i o n  o r  completion i n  a low permeabi l i ty  reg ion .  

Considerat ion of t h e  f r a c t u r i n g  p a t t e r n  a s  shown by the core  samples and of  
flow behavior  i n  upper and lower por t ions  of t h e  F e l i x  No. 2 c o a l  dur ing  d r i l l i n g  
and earlier w e l l  tests before  and a f t e r  explos ive  f r a c t u r i n g  led  t o  t h e  i n t e r p r e t a -  
t i o n  t h a t  a l though f lows i n  t h e  n a t i v e  c o a l  were reasonably homogeneous v e r t i c a l l y ,  
post-explosion f low c o n d i t i o n s  w e r e  n o t  uniform. While c r a c k s  c r e a t e d  by t h e  
explosion may promote high f lows i n  t h e  upper reg ions ,  f i n e s  generated by t h e  
explosions tend t o  restrict o r  plug flow i n  t h e  lower reg ions .  

We enlarged P-1 t o  1 m diameter  i n  t h e  bottom 1.5 m of coa l  and found t h a t  it 
produced 0.06 R/sec ( 1  gprn), s t i l l  less than  d e s i r e d .  This  work requi red  removal 
of t h e  screen  and sump l i n e r .  We next  d r i l l e d  w e l l  P-2 i n  t h r e e  s t a g e s  of depth  i n  
the  F e l i x  No. 2 c o a l  f o r  f low measurements. The top h a l f  produced 0.4 &/sec  (7  gprn); 
the  next  q u a r t e r  produced 0.02 Illsec (0 .3  gpm), t h e  bottom ha l f  0.03 Il/sec. This  
indicated lower permeabi l i ty  i n  t h e  bottom p a r t  of t h e  c o a l  at least  i n  t h e  v i c i n i t y .  

We then  r e i n s t a l l e d  t h e  sump l i n e r  i n  P-1. While washing t h e  l i n e r  i n  p lace  
a path opened h y d r a u l i c a l l y .  T e s t  f low w a s  0.63 L/sec (10 gpm). A s h o r t  pumping 
test of P-1 drew t h e  water l e v e l s  i n  1-5 and P-1 w e l l  i n t o  t h e  c o a l ,  i n d i c a t i n g  a 
channel i n  t h e  l o w e r  h a l f  of t h e  c o a l  (Fig.  7)  a c r o s s  t h e  shot  r e g i o n  a t  HE. We 
could proceed with h y d r o l o g i c a l  tests of t h e  o v e r a l l  reg ion  and w e l l s .  

The s p e c i f i c  c a p a c i t y  of t h e  dewater ing w e l l s  ranged from 0.7 t o  7 gprn per  f t  
of drawdown. 
Table 3 .  

Wells DW-1 and DW-6 showed t h e  h i g h e s t  c a p a c i t i e s .  R e s u l t s  are i n  

Table  3. R e l a t i v e  performance of  de- 
water ing  w e l l s .  Graphical  i n t e r p r e t a t i o n s  of draw- 

down tests by pumping 1-0 and P-1 a t  S p e c i f i c  
constant  rates show two r e g i o n s  of enhanced 
permeabi l i ty ,  one about  each of t h e  explo- 
s ion c e n t e r s  out t o  3 m and a reg ion  of  
intermediate  enhancement on o u t  t o  t h e  
na t ive  c o a l  a t  15  m. 
obtained a r e :  14 darcy and 7 darcy  re- 
spec t ive ly  f o r  reg ions  a t  1-0 and P-1; 
and 1.5 darcy f o r  t h e  i n t e r m e d i a t e  
region. Figures  8 and 9 show t h e s e  
graphs. 

The p e r m e a b i l i t i e s  

Well 
No. 

DW-1 
DW-2 
DW-3 
DW-4 
DW-5 
DW-6 

0.71 
0.15 
0.07 
0.19 
0.07 
0.59 
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m e  apparent discontinuity shown in Fig. 9 ,  for the data within 10 ft, may 
be due to the channel opened in final work on P-1 and to its non-symmetrical 
location. 

m e  same method of analysis of drawdown tests of  dewatering wells gave lower 
results for the inner (core) regions and higher values for the intermediate region. 
This is apparently a result of nonuniformity of flow field about the dewatering 
wells. 

Late time drawdown data indicated some vertical leakage from the unit above 
the coal but again, approximately the same as pre-shot. 
ability values of 3 to 5 md were obtained. 

Estimated vertical perme- 

Short, simultaneous injection-withdrawal tests (2-well recirculation) were made 
to investigate the permeability in the 1-0 and HE regions. These tests were analyzed 
utilizing flow net techniques. 
and selected flow lines drawn perpendicular to the equipotentials. Permeabilities 
of different areas were calculated by the gradient method wherein the gradient was 
obtained from the equipotential surface and the flow was apportioned via the flow 
net construction. An areal or field permeability K is calculated from the equation 
K = Q/iA, where Q is the flow in a region, i is the hydraulic gradient in that 
region, and A is the vertical section of the region through which the flow passes. 
Figures 10 and 11 are flow nets drawn for pumping P-1 to 1-0 and DW-4 to DW-6. 

Drawdown equipotentials were plotted on a plan view 

Figure 12 is a composite prepared from results of flow net analyses and draw- 
down tests. The estimates of permeability for the inner core regions, 10 d at HE 
and 20 d at 1-0, and the near native zone, 0.5 d, between the explosion centers are 
from the flow nets. The flow net and drawdown results for the inner enhanced 
permeability regions are consistent. The dashed lines on Fig. 12 connect well pairs 
in which the closeness of movement of water level during drawdown testing indicate 
a fracture or flow channel between them. The P-1 to 1-0 test does not show the low 
permeability zone between explosion centers seen in the DW-4 to DW-6 test because 
of the symmetrical placement of the zone with respect to pumping from P-1 to 1-0. 

Analysis of the hydraulic response of the explosive-fractured coal is compli- 
cated by the strong radial variation of permeability and the presence of many 
relatively large sized well casings. In addition some of the fractures have become 
conduit-like in their ability to equalize pressure between certain observation well 
pairs or cause an uneven distribution of flow when one of the pair is a pumped well. 

Figure 13 shows an outline of the gasification path indicated by thermocouple 
data on a simplified version of the composite sketch. 
westerly veering path to avoid the intermediate near native zone of coal. 

The composite suggests a more 

Further evaluation and interpretation of the hydrological data are needed and 
a comparison with post burn core sample results when available. 

The critical importance of permeabilities and their distribution is that the 
in-situ flow paths and thus the reaction zone configuration are determined by them. 
A given permeability net tends to determine ultimate resource recovery efficiency. 
In view of the importance of the deduced permeability net, it is important to further 
develop field tests and analysis techniques. 
absolute or relative local permeabilities at several depths through a fractured 
seam are needed. 

Simple methods for measurement of the 
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Fig. 11. Flow n e t .  Hydraul ic  head ( p o t e n t i a l )  contours  and f low l i n e s  i n d i c a t e d  
by pumping 7 . 2  gpm from DW-4 i n t o  DW-6. 
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Fig.  12. H e u r i s t i c  composite of channels  o r  f r a c t u r e s  (dashed l i n e s ) ,  i n n e r  enhanced 
reg ions  and near  n a t i v e  zone between t h e  ejcplosion c e n t e r s .  
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Fig.  13. G a s i f i e d  r eg ion  o v e r l a i n  on hydrolo@;y composite. 
P-1 t o  1-0, o v e r r i d i n g  coal i n  f i n a l  s t a g e s .  

Burn  progressed from 
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COMBINED C02-O2 UNDERGROUND PYROLYSIS-GASIFICATION FOR SOZPTHWESTERN COALS 

N. E. Vanderborgh, E. M. Wewerka, W. J. Trela, J. M. W i l l i a m , J r .  
and G. R. B. E l l i o t t  

Abstract  

Although vast quan t i t i e s  o f  subbituminous coa ls  a r e  loca ted  i n  the  Southwestern 
U. S . ,  severe technica l  problems e x i s t  i n  u t i l i z i n g  t h i s  resource.  Much of 
these  coa ls  occur a t  depths where sur face  mining is not f eas ib l e .  Even i f  t h i s  
were not t h e  case,  a combination of l imi t ed  water a v a i l a b i l i t y  and environmental 
cont ro ls  suggests t ha t  rapid expansion of coa l  u t i l i z a t i o n  is not f eas ib l e .  N e w  
technologies m u s t  be developed t o  explo i t  t h e  known, vast  coa l  resources i n  t h i s  
region. 

Deta i l s  w i l l  be given on one such proposed process t h a t  involves a preliminary 
pyro lys i s  s t ep  followed by CO2-O2 gas i f i ca t ion .  
y i e ld  both a hydrocarbon and a medium -Btu gas product stream. 
western subbituminous coa ls  appear w e l l  s u i t e d  f o r  an i n i t i a l  hydrocarbon 
removal s tep.  
remove some 35% of t he  ava i lab le  carbon by reductive pyro lys i s .  
semi-char has been shown t o  maintain adquate r e a c t i v i t y  f o r  eventual gas i f i ca t ion .  

Preliminary laboratory and engineering analyses f o r  t h i s  udderground coal 
convers ion technology a r e  described . 

This  process is designed to  
Arid, south- 

Studies suggest t ha t  C02 is an adequate reagent t o  e f f i c i e n t l y  
The r e s u l t i n g  
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COMBINED C02-02 UNDERGROUND PYROLYSIS-GASIFICATION FOR SOUTHWESTERN COALS 

Large enough coa l  resources have been i d e n t i f i e d  i n  t h e  Southwestern 
regions o f  t h e  United States t o  permit planning f o r  increases  i n  coal u t i l i z a -  
t i o n  t o  meet thb s i g n i f i c a n t  energy needs of t h e  Western s t a t e s .  (1.2) 
reemphasis upon coa l  is timely as proven reserves  of  both o i l  and gas a r e  
declining. (3) Yet,  marked increases  i n  coal u t i l i z a t i o n  a r e  l imi ted  by a 
var ie ty  of environmental and technological f ac to r s .  

This 

Only a smal l  f r a c t i o n ,  probably less than 5%, o f  the  known coal resource 
can be extracted using su r face  mining technology. ( 4 )  Iden t i f i ed  s e a m  show 
d ip ,  f a l l i n g  rap id ly  out of su r f ace  mining reach. Lent icu lar ,  t h i n  and 
multiple seams of  considerable depth suggest t h a t  underground mining may not 
be a t  t r a c t i v e  . 

Increased coa l  u t i l i z a t i o n  using t h e  remaining surface-minable coa l  may 
a l so  be d i f f i c u l t  t o  r e a l i z e .  (5) Opposition to  increased s t r i p  mining is 
appearing. Stack cleaning of combustion gases from these  high ash, low 
su r fu r  mater ia l s  has proven d i f f i c u l t .  There remain ser ious  questions about 
t h e  adv i sab i l i t y  of increased combustion f a c i l i t i e s .  Any s ign i f i can t  increase  
i n  coal u t i l i z a t i o n  wi th in  t h e  a r i d  Southwestern region w i l l  a l s o  be  l imi ted  
by water a v a i l a b i l i t y .  
i d e n t i f i e d ,  i t  is not obvious tha t  t h i s  water can be  readi ly  consumed f o r  
indust r ial  processing. ) 

(Although l imi t ed  brackish  aqu i f e r s  have been 

These f ac to r s ,  a combination of technological and environmental concerns, 
have already slowed a s e r i e s  of  p ro jec t s  t h a t  were designed to  increase  coa l  
u t i l i z a t i o n  i n  t h e  Southwest'ern United S t a t e s .  (5) It is becoming ever more 
obvious t h a t  the  unique mixture of reg iona l  condi t ions  leads  t o  problems tha t  
a r e  not r ead i ly  addressed with ex i s t ing  technology. There i s  only a l imi ted  
quantity of coa l ,  using su r face  mining, t h a t  can be ex t rac ted  and tha t  coal 
is not e a s i l y  used i n  combustion f a c i l i t i e s .  The concept presented i n  t h i s  
paper i s  one approach t h a t  appears t o  have promise i n  expanding coal production 
i n  the Southwestern United States without moving i n t o  d i f f i c u l t  and possibly 
r e s t r a in ing  f ac to r s .  

"Chemically mining" coa l ,  underground conversion to  gaseous o r  l i q u i d  
fue l s ,  i s  hardly a new idea (6 ) .  
coincident s o c i e t i a l  and environmental cos t s  of conventional mining has 
in t r igued  mankind fo r  decades. (7,8) Part ia l  underground combustion ,"under- 
ground coa l  gas i f i ca t ion , "  has been ac t ive ly  explored i n  t h e  Soviet  Union 
during t h e  last f i f t y  years ( 7 ) .  After some disappointing r e s u l t s  i n  Alabama 
during the  ~O'S, underground coal gas i f i ca t ion  programs a r e  again ac t ive  i n  
t h e  United S t a t e s .  (9) 
demonstrating underground coal gas i f i ca t ion  i n  th i ck ,  subbituminous coals 
i n  Wyoming. (10) Lawrence L i v e m r e  Laboratory is exploring a concept of 

The thought of u t i l i z i n g  coal without t h e  

The Laramie Energy Research Center dur ren t ly  is 
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oxygen-steam gas i f i ca t ion ,  again i n  t h e  coal f i e l d s  of Wyoming. (11) 
Morgantown Energy Research Center has begun s t u d i e s  exploring gas i f i ca t ion  
i n  Eastern bituminous coa ls .  (12) I n i t i a l  commercial t e s t s  are being evaluat-  
ed using l i g n i t e  beds i n  Texas. Concurrently, tests a r e  a l so  planned i n  
Canada and i n  Belgium. However, none of t hese  o the r  experimental programs a r e  
turned t o  address t h e  p a r t i c u l a r  technica l  problems t h a t  now ex i s t  i n  t h e  
Southwestern region of t h e  United S ta t e s .  

The 

TWO STAGE PYROLYSIS-GASIFICATION 

The underground coa l  ex t rac t ion  process proposed here  is shown schematic- 
a l l y  i n  Figure 1. 
previously t r ea t ed ,  underground coal seam. This reac t ion ,  fed by an oxygen 
r i ch  feed and moderated with CO , produces a continuous supply of a low-Btu 
gas. Carbon dioxide replaces t g e  more conventional steam in jec t ion .  This 
gas stream e x i t s  from t h e  underground generator at elevated temperatures. 
Anticipated l e v e l s  of s u l f u r ,  n i t rogen  and p a r t i c u l a t e  matter i n  t h i s  gas 
d i c t a t e  that  gas cleaning is e s s e n t i a l  p r i o r  t o  u t i l i z a t i o n .  
more eas i ly  accomplished a t  lower temperatures. Consequently, t h e  gas is 
f i r s t  fed through a hea t  exchanger and then i n t o  a gas cleaning operation. 
In  the  cleaning process,  t h e  gas i s  a l s o  s t r ipped  of CO and s u l f u r  leav ing  
a combustible gas f o r  u t i l i z a t i o n .  I n  order  t o  maintain reasonable s i z e s  of 
t h e  cleaning equipment, t h e  gas is f i r s t  p ressur ized .  Exi t ing  gas steams a r e  
a l s o  a t  pressure and might be t ranspor ted  some d is tance  p r i o r  t o  f i n a l  usage. 
U t i l i za t ion  of t h i s  cleaned product gas should cause no mre environmental 
degradation than methane combustion. 

On t h e  lower left-hand-side, gas i f i ca t ion  occurs i n  a 

This process i s  

2 

Carbon dioxide,  ex t rac ted  during the  gas cleaning process,  is heated 
using the  sens ib l e  hea t  from the  gas i f i ca t ion  process and is then used f o r  
two purposes. Pa r t  of the  gas i s  fed back i n t o  t h e  g a s i f i e r  f o r  regenera t ive  
cont ro l .  The remainder i s  fed i n t o  another,  ad jacent  coa l  seam. This process,  
a hot gas preconditioning s t ep ,  d r i e s  and p a r t i a l l y  pryolyses t h e  v i r g i n  coa l  
leav ing  a seam of open and uniform poros i ty  with cont ro l led  r e a c t i v i t y .  
Fyrolysis products,  moisture,  l i q u i d  and gaseous hydrocarbons ; a r e  brought 
t o  the  sur face ,  co l lec ted ,  and shipped t o  a hydrocarbon processing p l an t .  
Following adequate reduct ive  pyro lys i s  (with hot COz), t h e  gas stream is  
changed t o  a mixture containing oxygen and t h e  hot coa l  bed is gas i f i ed .  
Another, adjacent seam, following manifolding and seam opening, i s  then  used 
f o r  t he  s i t e  of t h e  next pyro lys i s  sec t ion .  

The ove ra l l  process i s  designed t o  i n i t i a l l y  convert coa l ,  using hot 
gas flows, i n to  a stream of l i q u i d  hydrocarbons t h a t  could p a r t i a l l y  suppli-  
ment ex is t ing  sources of petroleum feed s tocks .  During t h i s  process t h e  mass 
t r a n s f e r  proper t ies  and t h e  chemical r e a c t i v i t i e s  of t he  coal. seam are 
modified heaving a highly porous bed f o r  subsequent gas i f i ca t ion .  This type 
of  process is designed f o r  the  high v o l a t i l e  conten t ,  subbituminous coals 
found i n  the  Southwestern United S ta t e s .  
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DRYING AND PYROLYSIS OF SOUTHWESTERN COALS 

Coals located i n  the  Southwest a r e  t y p i c a l l y  of  subbituminous rank. (4) 
However, unl ike t h e  majori ty  of such low-rank coa l s ,  t hese  seam contain 
only a modest amount of water. Ten per  cent  moisture,  is perhaps an average 
value although analyses  of core segments can show values  near  3%. (13) 
Previous underground coal  g a s i f i c a t i o n  shows t h a t  water  plays a key r o l e  i n  
underground processing fo r  t h i s  compounds a c t s  a s  a major chemical r eac t an t  
t h a t  can e a s i l y  degrade gas qual i ty .  (14) Water is a l s o  an important heat  
t r ans fe r  agent.  Equally important, however, is t h e  f a c t  t h a t  water i s  a key 
factor  i n  seam permeabili ty.  Consequently, moisture control  underground must 
be a major considerat ion i n  any underground g a s i f i c a t i o n  process.  

Permeabili ty of underground coa l  seams is a d i f f i c u l t  parameter t o  
accurately determine. It appears t h a t  many of t hese  subbituminous coals  
natural ly  show low permeabi l i t ies  i n  t h e  range of 0 .1  mD. 
from these coals  enchances t h e  permeabili ty by a t  l e a s t  t h r e e  orders  of magni- 
tude.  (15) This behavior is r ead i ly  understandable i f  one considers  coa l  
a so l id ,  perhaps a hardened g e l ,  with various-sized interconnect ing pores 
and c a p i l l a r i e s .  
50 nm (5x lom8 cm) (16) and t h a t  t hese  pores give coa l  a molecular-sieve 
property. Certain molecules appear t o  be ab le  t o  pene t r a t e  t h e  coal  s t ruc -  
t u r e  while o the r ,  not  necessa r i ly  l a r g e r  ones, a r e  excluded. Temperature 
plays an important r o l e  i n  gas t r anspor t  w i th in  pore s t r u c t u r e s  of t h i s  type.  

Removing moisture 

W e  assume t h a t  t h e  majority of t h e s e  pores a r e  l e s s  than 

Moisture i n  pore s t r u c t u r e s  of these coa l s  e f f ec t ive ly  f i l l s  pores, due 
t o  the t e t r a h e d r a l  bonding c a p a b i l i t i e s  of  water,  in a three-dimensional 
manner e f f i c i e n t l y  c losing the  ma te r i a l  t o  mass t r anspor t .  ( 1 7 )  (These low 
rank coals ,  due t o  t h e i r  high heteroatom content ,  t y p i c a l l y  show hydrophi l l ic  
behavior.) Removing t h e  moisture e f f e c t i v e l y  r equ i r e s  an agent t h a t  opens 
pore s t ruc tu re .  Carbon dioxide is e f f e c t i v e  i n  doing t h i s  f o r  l i k e  water ,  
C02 a l so  f i rmly adsorbs onto coal  su r f aces  but unl ike water,  C02 i s  not cap- 
ab le  of f i l l i n g  pore i n t e r i o r s .  Rather one can assume tha t  once a monolayer 
of t h i s  gas has adsorbed, t h e  i n t e r i o r  of t he  pore remains open. 
t h e  f i r s t  important reason f o r  moisture removal is t o  gain enchanced perme- 
a b i l i t y  both t o  move l i q u i d s  and t o  cut  down on pumping work requirements 
during t h e ,  g a s i f i c a t i o n  process.  

Consequently, 

Moisture a l s o  degrades the  gas i f i ca t ion  process.  F i r s t  steam formation 
lowers process temperatures increasing C02 .production. (14)  Secondly, t h e  
react ion of carbon monoxide with moisture 1s no t  advantageous f o r  then CO is 
converted i n t o  a mixture of gases (H2 and C02) with approximately t h e  same 
t o t a l  hea t  content but  twice t h e  volume. 
zone should cool that zone, decteasing t h e  e f f e c t i v e  residence t i m e  for CO 
production. 
i s  f i r s t  removed from t h e  g a s i f i c a t i o n  process p r i o r  t o  CO generation. 
water removal seems f e a s i b l e  i n  Southwestern subbituminous coa l s  by hot  gas 
treatment.  

Las t ly ,  moisture i n  t h e  reduction 

A l l  of t hese  reasons suggest t h a t  one w i l l  be  f a r  ahead i f  water 
Such 
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Hot gas drying-pyrolysis requi res  t h e  t r anspor t  of s ign i f i can t  quan t i t i e s  
of gases - f i r s t  ca lcu la t ions  suggest t h a t  approximately one l i t e r  of  hot gas 
i s  needed t o  pyrolyze one gram of coa l .  Moreover, t h a t  1 gram of c o a l  (volume 
approximately 0.65 cm3) is converted t o  gaseous products with a volume, a t  
STP, o f  250 cm3. Moving these  quan t i t i e s  requi res  t h a t  t h e  s e a m  have reason- 
a b l e  flow cha rac t e r i s t i c s .  It seems unl ike ly  t h a t  v i r g i n  coa l  w i l l  show high 
enough permeabili ty t o  r ead i ly  move s u f f i c i e n t l y  l a r g e  q u a n t i t i e s  o f  gases.  
Consequently it may b e  necessary t o  develop seam opening techniques such as 
long  range explosively dr iven  penet ra tors ,  e l ec t ro l ink ing ,  d i rec ted  chemical 
leaching ,  e t c .  Evidence suggests t h a t  i n i t i a l  opening is feas ib l e .  (18) 
Moreover, carbon dioxide appears e spec ia l ly  s u i t a b l e  f o r  add i t iona l  seam open- 
ing. This gas exh ib i t s  a high thermal conduct iv i ty  and a low gas v i scos i ty  
suggesting t h a t  fo r  a primary heat t r a n s f e r  agent ,  C02 can be  de l ivered  with 
minimum pumping cos ts .  
enhance flow parameters, then  addi t iona l  flows can be maintained. 

Once a segment of t h e  seam has  been pyrolyzed t o  

However, even i f  enchanced permeabi l i t i es  can be  obtained, seam hea t ing  
using hot gas flows cannot be done rap id ly  without l a r g e  pumping cos t s ,  l a r g e  
quan t i t i e s  of hea t  and C02. 
pyro lys i s  s t e p  is t i e d  t o  t h a t  gas i f i ca t ion ,  then pyro lys i s  must a l s o  be done 
slowly. One can assume tha t  t h e  hea t ing  process may take  severaI.months t o  
accomplish. Should coa l  no t  be an e f f i c i e n t  i n su la to r ,  heat l o s ses  would 
prove prohib i t ive .  However, unlike convective hea t  t r anspor t  which w i l l  be 
promoted during the  drying process,  conductive hea t  t ranspor t  is i n e f f i c i e n t  i n  
coal.  Thermal conduct iv i t ies  near 0 .1  W/MK are w e l l  known. (19) In t he  
absence of convection, heated coa l  w i l l  remain at high temperatures f o r  long 
per iods  of t i m e .  Such da ta  is shown i n  Figure 2. These da ta  show t h e  thermal 
waves measured a t  t h r e e  d i f f e ren t  d i s tances  ( f i v e ,  t e n  and 20 f e e t )  from a 
950° F w a l l  as a function of t i m e .  Heat, under these  condi t ions ,  w i l l  b e  
contained f o r  years  i n  a coa l  volume and w i l l  remain t h e r e  u n t i l  convective 
processes ex t r ac t  i t .  
tu re s  during t h e  gas i f i ca t ion  s t e p .  Since necessary temperatures need be  near  
1000° C ,  t h i s  i s  an important energy cont r ibu t ion .  

GASIFICATION OF DRIED SOUTHWESTERN COALS 

Since g a s i f i c a t i o n  i s  a slow process,  and t h e  

This heat w i l l  be  ava i l ab le  t o  increase  process tempera- 

Following the  pyro lys i s  s t ep ,  some 35% of the  i n i t i a l  mass of t h e  coal 
(as  received) might be  removed i n  a hydrogen-rich f r ac t ion .  Laboratory s t u d i e s  
suggest t ha t  t h e  remaining semi-char w i l l  exh ib i t  low and interconnected 
permeability. (13) 
depleted material with oxygen is decreased somewhat from t h a t  over t h e  v i r g i n  
mater ia l ;  however t h i s  decrease ( r eac t ion  rates are slower by less than  a 
f ac to r  of two) should s t i l l  leave s u f f i c i e n t  r eac t iv i ty  f o r  t h e  gas i f i ca t ion  
process. (20) 

Other s tud ie s  show t h a t  t h e  r e a c t i v i t y  of t h i s  hydrogen- 

Gas i f ica t ion  on a hydrogen-depleted char leads ,  p r imar i ly ,  t o  a stream 
of CO. 
s o  s i n c e  u t i l i z a t i o n  can be i n  a con t ro l l ed  i n d u s t r i a l  atmosphere wi th  l i t t l e  

The u t i l i z a t i o n  of t h i s  gas presents  many p o s s i b i l i t i e s  e spec ia l ly  
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concurrent hea l th  hazards.  
gas t o  o the r  ma te r i a l s ,  e.g., methane, methanol, e t c . ,  although ce r t a in ly  
these options exist. 

There seem t o  be  no reason t o  convert t h i s  product 

ENGINEERING ANALYSTS OF THE COMBINED PYROLYSIS-GASIFICATION PROCESS 

I n i t i a l  engineering analyses have been completed on t h i s  udderground 
coa l  gas i f i ca t ion  process .  This combined-cycle process is somewhat s imi l a r  
t o  o ther  above-ground f a c i l i t i e s .  For ins tance ,  t h e r e  is good s i m i l a r i t y  
between t h i s  underground process and a low-Btu gas generatorlgqs cleanup/ 
e l e c t r i c i t y  generator system. However, i n  t h e  present  case ,  t h e  majority 
of t h e  processes occur underground. 
advantages-residence t i m e s  can be extended without changing cos t s  - as w e l l  
a s  some d i s t i n c t  advantages - pumping work can wel l  be excessive and control 
can be d i f f i c u l t  - over conventional coal processing f a c i l i t i e s .  

Underground processing o f f e r s  some d i s t inc t  

The r e s u l t s  f o r  these  s tud ie s  are based on t h e  engineering flow diagram 
shown i n  Figure 3. This f igu re  shows two separa te ,  interconnected processes, 
t h e  gas i f i ca t ion  pa th ,  hea t  removal, p re s su r i za t ion ,  gas cleanup and then  
u t i l i z a t i o n .  
Waste hea t  and carbon dioxide a re  s t r ipped  from t h e  gas i f i ca t ion  process 
t o  run t h e  lower cyc le ,  t h e  hot gas pyro lys i s  s t ep .  

(The cos t  p ro jec t ions  a r e  sca led  t o  supply a 1,000 MWe p lan t . )  

. i  

Projected annual consumption and production f igu res  are l i s t e d  in Table 

One can see  tha t  such an opera- 
1 (Again, t hese  a r e  pro jec ted  f o r  a 1,000 W e  p1ant;hydrocarbon pro jec t ions  
a r e  taken from labora tory  pyro y s i s  da t a . ) .  

low m l e c u l a r  weight hydrocarbons, higher molecular weight hydrocarbons 
(pyrolyzed l i q u i d s ) ,  s u l f u r  and pressure-volume work. (This l a t t e r  r e s u l t s  
from p res su r i za t ion  of t h e  output stream. The work equivalent contained i n  
t h i s  gas  volume is 50 MW. 
opera t ing  p l an t  u t i l i t i e s . )  

t i o n  would consume some 4 x 10  t tons of coal annually and produce e l e c t r i c i t y ,  

Most probably t h i s  work would be  expended in 

There a r e  two d i f f e r e n t  resource recovery aspec ts  t o  consider.  
f i r s t  is t h e  f r a c t i o n  of t h e  t o t a l  coa l  contained i n  the  seam t h a t  is recover- 
ed; the  second is t h e  cosi= of recovering a p a r t i c u l a r  quant i ty  of energy 
contained in a segment of t h e  coa l .  
considerations a r e  important.  It is u n r e a l i s t i c  t o  th ink  tha t  underground 
coal processing w i l l  ever show recovery e f f i c i e n c i e s  t h a t  approach 1OOX.  
However, these  da t a  do suggest t h a t  underground pyro lys is -gas i f ica t ion  can 
lead  to  a favorable f inanc ia l  and energy re turn .  

The 

Obviously, both of these  recovery 

Resource recovery considerations a r e  i n t e r r e l a t e d  t o  a wide va r i e ty  of 
For ins tance ,  subsidence i n  previous underground coa l  d i f f e ren t  t op ic s .  

gas i f i ca t ion  has been a major problem. 
manifolding i n s t a l l a t i o n s .  
Above ground bui ld ings  t i l t ,  causing s t r u c t u r a l  damage. 
t h e  optimum system f o r  underground coa l  pyro lys i s -gas i f ica t ion  may w e l l  

Pipes sever ,  ru in ing  expensive 
Cracks open, allowing excessive gas escapages. 

It appears t ha t  
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leave enough coal underground t o  minimize subsidence. 
unlike current room-and-pillar techniques of underground mining, a technique 
used f o r  exac t ly  the  same reason.) 
need t o  be answered before  one can accurately define the  economics of  resource 
recoveryr What is now c l e a r ,  however, i s  t h a t  without ca re fu l  cont ro l  of 
t h e  underground process,  t h e  optimization of resource recovery may not be 
poss ib le .  

(This would not  be 

These and o ther  site s p e c i f i c  questions 

Another important consideration i s  t h e  cos t  of t he  produced f u e l  gas. 
Preliminary da ta  a r e  shown f o r  t h i s  pro jec t ion  i n  Table 2. 
were taken from similar s tud ie s  es t imat ing  cos ts  fo r  above ground su r face  
gas i f i ca t ion  t o  produce a low-Btu gas. (21) The operating and maintenance 
cos t  charge nothing f o r  t h e  cost  of t h e  fue l ;  $12.3 mi l l ion  is t h e  an t i c ipa t -  
ed annual f i e l d  development charge. Bottom l i n e  pro jec t ions  must be a l t e r e d  
t o  include taxes-royalty on the  coa l  consumed. These pnojections show tha t  
each $1.00 ton o r  roya l ty  increases  t h e  cost  of t h e  f i n a l  product by about 
10c/106 BTU. 
cos t s  t o  $1.56/106 Btu. 
over t he  l i f e t i m e  of t h e  p l an t .  

Costs pro jec t ions  

Thus a $3.50/ton of coal consumed increases  t h e  f i n a l  f u e l  
This projected favorable cost  should remain s t a b l e  

The da ta  lend t o  seve ra l  i n t e r e s t i n g  conclusions. Foremost of t hese  is 
t h a t  t h e  f i e l d  development charges a r e  not an important f ac to r .  (These pro- 
j ec t ions  were ca lcu la ted  f o r  a 7.6 m (25 foot)  seam loca ted  152 m (500 f t . )  
below the  sur face  using 7.6 m (25 f t . )  wel l  spacing. Charges f o r  increased 
f i e l d  development a re ,  however, most influenced by changes i n  t h e  pumping work. 
Large amounts of energy are expended i n  moving gases underground. Costs a r e  
r e f l ec t ed  i n  t h e  high annual c a p i t a l  charges. Increases i n  underground 
permeability gained, f o r  ins tance ,  i n  decreasing well  spacing may be a wise 
investment. Second, t h e  d i f f i c u l t  technology is, t o  a l a rge  ex ten t ,  below 
ground. 
low temperature gas cleaning, a r e  a l l  off-the-shelf systems. This is a l s o  
t r u e  f o r  e l e c t r i c i t y  generating systems - conventional gas turb ines  can be 
incorporated without concern f o r  high temperature corrosion and abrasion. 
These da ta  a l so  suggest t h a t  gas leakage, concurrent subsidence, and water 
i n f lux ,  f ac to r s  t ha t  can uncontrollably change t h e  underground chemistry and 
rheology a r e  the  th ings  t h a t  r e a l l y  most in f luence  t h e  economics of t h e  
process. Therefore, t h e  program at Los Alams S c i e n t i f i c  Laboratory has been 
designed t o  ca re fu l ly  inves t iga t e  these  seve ra l  aspects of t he  underground 
process. 

TECHNOLOGY DEVELOPMENT PROGRAM 

Gas handling and cleaning systems, i f  one accepts t h e  eventua l i ty  of 

Studies a r e  now exploring the  processes of concurrent hea t  and mass 
t r a n s f e r  through Southwestern subbituminous coa ls .  Central  t o  these  i n i t i a l  
s tud ie s  is the  problem of moisture removal and permeabili ty modification by 
hot gas treatment.  Laboratory da ta  w i l l  be obtained on r ep resen ta t ive  coal 
blocks t o  iden t i fy  necessary k i n e t i c  parameters of concurrent hea t  and mass 
t r ans fe r .  These da ta  a r e  e s s e n t i a l  for mathematical modeling of t hese  
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underground processes.  
and lead t o  suggest manifolding techniques. 

These modeling a c t i v i t i e s  w i l l  p red ic t  flow p ro f i l e s  

Studies a l s o  w i l l  explore the  i n t e r r e l a t e d  problems of resource re- 
covery and environmental impact. An appreciation now e x i s t s  t ha t  environ- 
mental degradation due to  gas leakages, t o  various subsidences and to ground- 
water contamination is i n t e r r e l a t e d  with resource recovery. The economic 
trade-offs between a "contained" underground operation and recovery e f f ic iency  
a re  also under s tudy .  

These labora tory  and ana ly t i ca l  s tud ie s  w i l l  s e rve  as input  i n to  planning 
f o r  a s e r i e s  of con t ro l l ed  f i e l d  tests using Southwestern subbituminous coals.  
These t e s t s  w i l l  ope ra t e  on a segment of coal somewhat c lose  t o  t h e  sur face ,  
perhaps nea r  15 m (50 f e e t )  deep. 
i so la ted  from t h e  r e s t  of  t h e  seam. One f eas ib l e  way t o  perform t h i s  i so l a t ion  
is t o  cons t ruc t  a concrete-pier wall from the  sur face ,  through t h e  seam and 
par t  way in to  t h e  underburden. A representa t ion  of a sec t ion  of t h i s  contain- 
ment wall  is shown i n  Figure 4 .  
pat te rn  def in ing  a coal s ec t ion  15 m x 15 m (50 f t  x 50 f t ) .  Feed and cont ro l  
pipes w i l l  then be in se r t ed  i n t o  the  coal.  
behind t h e  wal l ,  "water cooling" pipes,  t o  maintain t h e  i n t e g r i t y  of the  wall  
and assure t h a t  t h e  f i r e  can ' t  move out of t he  contained sec t ion .  
some s o r t  of subsidence cont ro l  w i l l  be e s sen t i a l .  

F i r s t  a defined region of t he  coal w i l l  be 

Concrete p i l e s  w i l l  be  l a i d  i n  a rectangular 

Important here  a r e  pipes placed 

Undoubtedly, 

Although t h i s  experimental arrangement has some s i m i l a r i t y  t o  laboratory 

One needs t o  work with v i rg in  
block t e s t s ,  s eve ra l  important fea tures  suggest t ha t  t h i s  approach is necessary 
t o  l e a r n  which r e a l l y  t akes  p l ace  underground. 
coa l ,  wi th  underground m i s t u r e  and gas content i n t a c t .  Yet one needs t o  
be assured of  defined m a s s  balances. The th rus t  behind these  s tud ie s  i s  t o  
obtain d e f i n i t i v e  answers about flows, chemical and heat balances and resource 
recovery. lbo sepa ra t e  t e s t s  a r e  planned. The f i r s t  of these  w i l l  s tudy 
the  drying and pryolys is  of a coal sec t ion .  Following seam opening, d i rec ted  
flows of hot gases w i l l  pass through a coal s ec t ion .  Pyrolysis w i l l  be 
ca r r i ed  on f o r  a f ixed  period and then quenched. 
w i l l  be made on t h e  block. A second test w i l l  again study the  drying and 
pyrolysis of a second block; however, t h i s  t e s t  w i l l  be  ca r r i ed  through a 
gas i f i ca t ion  s t age  p r i o r  t o  t h e  f i n a l  post  mortem. 
provide da t a  f o r  subsequent planning and la rge-sca le  commercialization. 

Detailed postmortem analyses 

These f i e l d  tests w i l l  
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TABLE 1: RESOURCE FLOW AND PRODUCTION PROJECTIONS FOR TWO-STAGE PYROLYSIS 

GASIFICATION UNDERGROUND COAL UTILIZATION FACILITY 

A. INPUT STREAMS (ANNUAL RATES) 

Caal Consumed . . . . . . . . . . . . . . . . . . . .  3.51 x lo6 tonsa 

Air Consumed . . . . . . . . . . . . . . . . . . . .  .8.03 x lo9 s c f  

Water Consumed . . . . . . . . . . . . . . . . . . .  . neg l ig ib l e  ne t  input 

B. OUTPUT STREAMS (ANNUAL QUANTITIES) 

E l e c t r i c i t y  8.77x109 KWh $O.O3/KWh $ 2.63 x lo8 
Low MW H C ' s b  1 . 0 8 ~ l O ~ ~ B t u  $1.50/106Btu $ 1.62 107 
High MW HC's'1.26 x lo6 B a r .  $ lO/bar re l  $ 1.26 lo7 

PV Work 4.38 x lo8 KWh $0.03/KWh $ 1.31 l o 7  
Raw Sul fur  9.70 x l o7  lbs. $ 50/ton $ 2.43 x lo6 

Annual Value 

Per Ton Coal $88.55 

$ 3.07 x lo8 

a Assuming a 25' coal seam, annual a r ea  o f  seam addressed is (20/f ac re s )  
where f = f rac t ion  recovered, i . e . ,  i f  ha l f  of t he  coal i s  consumed, then 
coa l  under 40 (20/0.5) acres  would be consumed. 

Low molecular weight hydrocarbons, mainly C 1  - C4 hydrocarbons, gases 

High molecular weight hydrocarbons, mainly C5 - C 

Other po ten t i a l  products,  e spec ia l ly  a m n i a ,  are not l i s t e d .  

hydrocarbons, l i q u i d s  9 
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TABLE 2: LASL TWO STAGE C02-02 UNDERGROUND COAL EXTRACTION-ECONOMIC PROJECTIONS 

OPERATION AND MAIWENANCE 

Coal Feedstock 
F ie ld  Developmenta 
P lan t  Operation 
Administ r a t  ion 
Misc. Taxes 

DEPRECIATION 

CAPITAL CHARGES 

BYPRODUCT REVENUES 

TOTAL ESTIMATED COSTS 

ANNUAL 
COST (K$) BASIS 

0 
12,300 25 f t .  w e l l  spacing 
10,440 

5,760 
4,160 1.1% o f  p l an t  investment 

$32,680 

17,860 4.7% o f  p l a n t  investment 

57,000 15% of  p l an t  investment 

(11,000) estimated market value 

$96,540 

ESTIMATED COSTS PER l o 6  BTU $1.21 

ESTIMATED COSTS INCLUDING 
ROYALTY OF $3.50/ton coa l  $1.56 

Costs ca l cu la t ed  assuming mid 1975 completion of construction. 

Costs do no t  i nc lude  c a p i t a l  o r  opera t ing  cos t s  f o r  e l e c t r i c i t y  
generation or hydrocarbon separa t ion  f a c i l i t i e s .  
from hydrocarbons a r e  likewise neglected.  

Po ten t i a l  revenues 
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Figure 1: Two Stage Underground Gasification and w r o l y s i s  Fac i l i ty  
For Uti l i za t ion  of  Deeply Lying Southwestern Subbituminous Coals. 
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Thermal Waves Resulting from 950°F Wall 5 ,  10 and 20 f ee t  
In  Coal with c i  = 0.005 f t2 /hr .  

Figure 2:  
Conduction Only. 
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A REPORT ON THE SUCCESSFUL DEVELOPMENT OF 
UNDERGROUND COAL GASIFICATION AT HANNA, WYOMING 

D. D. F ischer ,  S. B. King, and A. E. Humphrey 

Energy Research and Development Administration 
Laramie Energy Research Center 

P. 0. Box 3395, Universi ty  S ta t ion  
Laramie, Wyoming 82071 

INTRODUCTION 

Previous authors  have reported the r e s u l t s  of s eve ra l  f i e l d  tests 
of underground coa l  gas i f i ca t ion  (1). Prominent among these a r e  t h e  
Russian work (1, 2) (which has included commercial u t i l i z a t i o n  of UCG), 
t h e  B r i t i s h  t e s t s  (3) ,  and ea r ly  U.S. experiments (4-7). I n  1973 the  
Bureau of Mines i n i t i a t e d  t h e  f i r s t  of a s e r i e s  of f i e l d  experiments 
near  Hanna, Wyoming. This f i r s t  test w a s  designated Hanna I and has  
been previously de t a i l ed  (8-11). The f i r s t  Hanna experiment (Hanna I )  
was conducted from March 1973 through March 1974. 
tons of coa l  were u t i l i z e d .  During s i x  months of optimum operat ion 1 .6  
MM scfd of 126 Btu/scf gas w e r e  produced. 

Approximately 4000 

Based upon t h e  encouraging r e s u l t s  of Hanna I, a second experiment, 
designated Hanna 11, was i n i t i a t e d  i n  1975. This  experiment was divided 
i n t o  three pa r t s ,  ca l l ed  Phases I, 11, and 111. Phase I has al ready 
been reported (12) and w i l l  only be r e fe r r ed  t o  a s  a b a s i s  of comparison. 
Phase I was conducted from June through August 1975. 
average production of 2.7 MM scfd of 152 BtuJscf gas during 38 days of 
g a s i f i c a t i o n  between two w e l l s  on a 52.5 f e e t  spacing. 
1260 tons were u t i l i z e d  during the  experiment. The r e s u l t s  of Phases I1 
and I11 a r e  the  subject  of t h i s  report .  

Description of t h e  Process 

The UCG process being t e s t ed  by the  Laramie Energy Research Center 

It yielded an 

Approximately 

(LERC) i s  known as t h e  Linked Ver t i ca l  Well (LVW) technique. It in-  
volves two major s t eps :  preparat ion of t h e  coa l  seam followed by gas i f i -  
ca t ion  as depicted i n  Figure 1. 
reverse combustion l inking.  The s t eps  involved i n  r eve r se  combustion 
l inking a r e  shown i n  Figure 1 A, B, and C. Wells a r e  d r i l l e d  and com- 
pleted t o  t h e  c o a l  seam. A downhole e l e c t r i c  heater  is posi t ioned i n  
one well  t o  i g n i t e  t he  coal.  A i r  a t  a pressure s l i g h t l y  less than 
l i t h o s t a t i c  pressure i s  in j ec t ed  a t  t he  i g n i t i o n  wel l  t o  s u s t a i n  a com- 
bust ion zone. Then air i n j e c t i o n  is switched t o  an adjacent  w e l l .  The 
in j ec t ed  a i r  percolates  through the  coa l  seam to the  i g n i t i o n  w e l l  and 
t h e  combustion zone proceeds from t h e  i g n i t i o n  w e l l  t o  t h e  i n j e c t i o n  
we l l ,  i . e . ,  toward the  source of oxygen. Because of t h i s  countercurrent 
movement of t he  in j ec t ed  air and t h e  combustion zone, t h e  process is ,  a t  

The preferred preparatory s t e p  is 
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t h i s  point,  c a l l e d  r eve r se  combustion. A s  t h i s  combustion zone proceeds 
t o  t h e  i n j e c t i o n  w e l l ,  a local ized,  highly permeable pathway of carbonized 
coa l  is  l e f t  behind. 
we l l ,  t h e  system is ready f o r  high volume, low pressure a i r  i n j e c t i o n  
which allows e f f i c i e n t  gas i f i ca t ion .  

When t h e  combustion zone reaches the in j ec t ion  

This preparatory s t e p  is extremely important because i t s  loca t ion  
within t h e  seam and i ts  successful  completion determine t h e  f u t u r e  
course of t h e  g a s i f i c a t i o n  period. In addi t ion,  it is e s s e n t i a l  because 
coa l  i n  i t s  n a t u r a l  unprepared s t a t e  has i n s u f f i c i e n t  permeabili ty t o  
enable air  i n j e c t i o n  rates necessary f o r  e f f i c i e n t  coa l  gas i f i ca t ion .  

Figure 1 D,  E ,  and F shows schematically the g a s i f i c a t i o n  s tep.  
Upon i n i t i a t i o n  of high volume, low pressure a i r  i n j e c t i o n ,  t he  g a s i f i -  
ca t ion  zone expands around t h e  i n j e c t i o n  w e l l  u n t i l  it encompasses the  
f u l l  seam thickness.  The g a s i f i c a t i o n  zone then proceeds back toward 
t h e  i g n i t i o n  well .  Thus t h i s  s t e p  is a forward combustion process,  
i . e . ,  r eac t ion  zone movement and gas flow i n  the  same d i r ec t ion .  In 
t h i s  manner t h e  f u l l  s e a m  thickness  i s  gas i f i ed  between two adjacent  
w e l l s  with high thermal eff ic iency.  

Description of Hanna I1 

Phase I of Hanna I1 has been described i n  a previous paper (12). 

The instrumentat ion we l l s  were d r i l l e d  and instrumented by Sandia 
Phases I1 and I11 were conducted using t h e  we l l  pa t t e rn  shown i n  Figure 
2. 
Laborator ies  of Albuquerque, New Mexico, under ERDA funding (13). 

The seam being u t i l i z e d  is the  Hanna #l, a 30-feet t h i ck  subbituminous 
c o a l  s e a m  a t  a depth of approximately 275 f e e t  a t  t h e  Hanna I1 site. 
Wells 5, 6, 7, and 8 were completed 1 0  f e e t  through t h e  coa l  seam and 
perforated over t he  bottom 6 f e e t  of t h e  coa l  seam. 

The o r i g i n a l  p l an  f o r  conducting Hanna 11, Phases I1 and I11 con- 
s i s t e d  of t h e  following s t eps :  

Phase I1 

1. Reverse combustion l i n k  Wells 7 and 8. 

2. Reverse combustion l i n k  Wells 5 and 6. 

3. Gasify from Well 6 t o  W e l l  5. 

Phase I11 

1. 

2. Gasify i n  a l i n e  d r ive  from t h e  7-8 l i n e  back toward the  

Reverse combustion l i n k  from the  5-6 l i n e  t o  the  7-8 l i n e .  

5-6 l i n e .  

50 



The main advantage of operating such a line drive system would have 
been improved areal sweep efficiency. Success of the technique was 
dependent upon the ability to form the broad reverse combustion link 
from the 5-6 line to the 7-8 line. This broad front link was not achieved 
and Phase 111 was modified to another two-well gasification system with 
gasification proceeding from Well 8 to Well 7. 
as planned. 

Phase I1 was completed 

RESULTS OF HANNA I1 

Phase I1 

Reverse combustion linkage of Wells 7 and 8 was conducted during 
December 1975. 
1976. 
the location of the link, but as seen in Figure 2, the 8 wells between 
Wells 5 and 6 gave an accurate picture of the linkage path. 
shows the path of the link from Well 5 to Well 6 based on thermal data 
gathered during the linkage process. 

Linkage of Wells 5 and 6 was completed in April and May 
No instrumentation was available along the 7-8 line to determine 

Figure 3 

Much more important is the location of the link within the coal 
seam relative to the bottom of the seam. The most advantageous position 
is within the bottom third of the seam. A s  the link proceeded from Well 
5 to 6, the initial temperature rise observed at thermocouples in Wells 
D, 0, G, E, and B always occurred at levels 0 or 5 feet above the bottom 
of the seam. Thus, placement of the link low in the seam was extremely 
successful. 
cation front to undercut the coal as it moved from Well 6 back to Well 5 
after completion of the link. 
the reaction zone yielding high resource utilization efficiency and 
producing a packed bed system. 

Positioning the link low in the seam allowed the gasifi- 

This resulted in fresh coal falling into 

The link was completed on May 4,  1976. Gasification from Well 6 to 
Well 5 was conducted from May 5 through May 30. Injection rates used 
were 1700, 2500, and 3500 scfm, respectively, in a programmed fashion as 
shown in Figure 4. Production rates, product gas gross heating value, 
and gas composition for the five major components are shown in Figures 
4-6. A s  can be seen the step function increases in air injection rate 
had no effect on gas composition or gross heating value. 
eight days when the gasification zone approached Well 5 ,  the heating 
value was extremely constant. 

Until the last 

The total tonnage of coal utilized during both the linkage and 
gasification of the 5-6 system was 2520 tons. 
carbon balance using a weighted average composition determined from a 
core taken at the Hanna I1 site (14). This compares to 1260 tons utilized 
during gasification between two wells on a 52.5 feet spacing during 
Phase I. The improved utilization during Phase I1 is postulated to 
result from the higher injection rates, the positioning of the link 
at the bottom of the coal seam, and from holding 30 to 50 psig back- 
pressure on the production side. 
thermal data from the instrumentation wells and on modeling efforts 
conducted at LERC (15, 16) is shown in Figure 7. Thermal data indicates 

This value is based on a 

The estimated gasified area based on 
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that  a t  t h e  midpoint of the  5-6 l i n e  the  g a s i f i c a t i o n  zone w a s  almost as 
wide as the  5-6 spacing. 

Phase 111 

A s  prev ious ly  s t a t e d ,  Phase I11 w a s  modified from the  proposed l i n e  
drive system t o  another two-well experiment with g a s i f i c a t i o n  proceeding 
from W e l l  8 t o  Well 7. Again three  pre-planned i n j e c t i o n  rates w e r e  
used. These rates were 2500, 3500, and 4500 scfm, respec t ive ly .  In 
addition, backpressuring the  system w a s  conducted t o  determine the  
e f f e c t s  of r e se rvo i r  pressure  changes on the  gas composition. 

Figures 8-11 show the  in j ec t ion  and production rates, in j ec t ion  and 
production pressure ,  product gas gross heating value,  and product gas 
composition f o r  t h e  f i v e  major components. 
seen i n  t h e  hea t ing  va lue  and composition when compared t o  da ta  from the  
5-6 system. 
l i f e t ime  of the 7-8 system. 

S ign i f i can t  d i f fe rences  a r e  

The hea t ing  value dropped off much more rap id ly  during t h e  

The explanation for' t h i s  d i f fe rence  is shown i n  Figures 1 2  and 13. 
Figure 12 shows t h e  gross  heating value,  cold gas thermal e f f ic iency ,  
and r a t i o  of w a t e r  produced t o  coal u t i l i z e d  during the  5-6 gas i f i ca t ion  
period. 
stable u n t i l  J u l i a n  Day 1 4 2  (May 21, 1976) followed by a gradual decline.  

A s  can be  seen, the  heating va lue  and cold gas e f f ic iency  were 

I n  con t r a s t ,  Figure 13 shows the  same va r i ab le s  f o r  the  7-8 gas i f i -  
ca t ion  period. The heating va lue  and cold gas e f f ic iency  show a steady 
dec l ine  from t h e  beginning of t he  7-8 gas i f i ca t ion  period wi th  the  most 
dramatic drop occurring around Ju l i an  Day 196 (July 1 4 ,  1976). That 
drop coincided wi th  a planned decrease from 80 t o  30 psig i n  the  back- 
pressure held on t h e  system. The r a t i o  of water produced t o  coa l  u t i -  
l i zed  increased sharp ly  at t h a t  t i m e .  Compared t o  t h e  5-6 period, t h i s  
r a t i o  was approximately twice a s  high during the  ea r ly  s t ages  of the 7-8 
burn and s i x  t i m e s  a s  high a f t e r  re l iev ing  the  backpressure on Ju l i an  
Day 196. This  dramatic increase  i n  w a t e r  would be expected because 
groundwater i n f l u x  should increase  as the  sur face  a r e a  of t h e  cavi ty  i n  
the  seam increases .  I n  addi t ion ,  decreasing the  r e se rvo i r  pressure  
fu r the r  increased t h e  water i n f lux  rate. 

Increas ing  t h e  a i r  i n j ec t ion  rate toward the  end of t he  5-6 burn 
would have s t a b i l i z e d  t h e  product gas heating value and cold gas ef-  
f ic iency  s ince  excess water does not appear t o  have been the  cause of 
t h e  dec l ine  i n  those  two values.  
higher backpressure during t h e  l a s t  20 days'of the  7-8 burn would have 
improved the  r e s u l t s  of t he  7-8 burn, but maximum a i r  compression ca- 
pac i ty  had a l r eady  been achieved. 

Also, an increased in j ec t ion  rate and 

The unique charac te r  of Phase 111 was t h e  exce l len t  resource u t i -  
The tonnage of coa l  u t i l i z e d  during Phase 111 w a s  4200 tons l i za t ion .  

(Figure 14) .  
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Overall ,  Hanna I1 is considered extremely successfu l  even though 
t h e  l i n e  dr ive  process w a s  unsuccessful. 
u t i l i z e d  was 6690 tons,  of which 680 tons  were u t i l i z e d  during the  
unsuccessful l i n e  d r ive  attempt.  
tons contained within the  60 by 60 f e e t  square of the  5, 6, 7 ,  8 well  
pa t te rn .  Obviously, coa l  was u t i l i z e d  outs ide  t h a t  a r b i t r a r y  boundary 
but  exceeding t h i s  a r t i f i c i a l  t o t a l  by such a margin ind ica t e s  high 
resource u t i l i z a t i o n  e f f i c i ency .  Determination of t he  ac tua l  e f f i c i ency  
awaits coring and seismic surveys of t he  gas i f i ed  a rea  to  f i n a l i z e  the  
t r u e  boundaries of t he  gas i f i ca t ion  zone, but t he re  can be l i t t l e  doubt 
t h a t  UCG can achieve high resource u t i l i z a t i o n  e f f i c i e n c i e s  under con- 
t r o l l e d  conditions.  

Energy Balance Calculations 

The t o t a l  tonnage of coa l  

This i s  compared to  the ava i l ab le  4600 

Three d i f f e r e n t  ca l cu la t ions  have been previously reported (17).  
The f i r s t ,  defined as the  energy r e tu rn  r a t i o ,  i s  simply the  r a t i o  of 
t o t a l  usable energy produced from the  process t o  t o t a l  energy consumed 
i n  operating the  process. This va lue  must, of course, be somewhat 
g rea t e r  than one f o r  the  process to  be worthy of commercialization. 

The second, defined a s  ove ra l l  process e f f i c i ency ,  is the  r a t i o  of 
t o t a l  usable energy produced from the  process t o  t o t a l  energy input t o  
the  process,  i.e., t he  t o t a l  energy consumed i n  operating the process 
p lus  t h e  l a t e n t  energy ava i l ab le  i n  the  amount of coa l  u t i l i z e d .  This 
va lue  can, of course, never exceed one. 

The th i rd ,  defined as thermal e f f ic iency ,  i s  the  r a t i o  of t o t a l  
usable  energy from the  process to  t o t a l  energy ava i l ab le  i n  t h e  amount 
of coa l  u t i l i zed .  Again, t h i s  value can never exceed one. 

The t o t a l  energy produced from the  process is the  sum of f i v e  
ind iv idua l  terms. These are the  hea t  of combustion of t he  dry product 
gas,  t he  heat of combustion of the  l i qu id  hydrocarbon byproducts, t he  
sens ib l e  heat of t h e  dry product gas, the  l a t e n t  and sens ib l e  heat of 
water vapor contained i n  the  wet product gas,  and the heat l o s s  t o  a s h  
and s t r a t a  surrounding the  coal seam. 

For the  purposes of t h i s  paper, the  t o t a l  usable energy produced 

No c r e d i t  is taken f o r  
from t h e  process is defined a s  the  sum of the  hea ts  of combustion of t h e  
dry  product gas and of t he  l i qu id  byproducts. 
e i t h e r  the  l a t e n t  o r  s ens ib l e  heats.  The r e s u l t s  of these ca l cu la t ions  
are shown i n  Table I. 

Table I. Energy Balance Results f o r  Hanna I1 

Phase 

I I1 I11 

Energy Return Ratio 5.3 4.5 4.5 

Thermal Efficiency (%) 82.7 89.0 76.3 

Overall  Process 
Efficiency (%) 71.5 74.3 65.3 
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Accomplishments of Hanna I1 

HaMa I1 yielded several outstanding accomplishments in the field 
of UCG using air injection. These were the following: 

1. Production of the highest gross heating value product gas over 
the longest duration ever reported. 

2. Operation at the highest thermal efficiencies ever reported. 

3. Highest production rate from any UCG test in the Free World. 

4. High overall sweep efficiency for parallel two-well patterns. 

5 .  The most thoroughly instrumented UCG test ever conducted. 

CONCLUSIONS 

Based on the results of Hanna 11, a large number of predicted 
problem areas attributed to in situ coal gasification technology do not 
appear to be of significance. Stable operation at high production rates 
with relatively constant gas quality and composition have been achieved. 
Overall process and thermal efficiencies were high and resource recovery 
was excellent. No detectable gas leakage occurred based on nitrogen and 
argon balances. No shutdown due to equipment or process failure was 
encountered. 
to maintain the optimum air/water ratio appears feasible. 
planned at Hanna will concentrate on further demonstration of these 
conclusions and will address the major unknowns still associated with 
the in situ coal gasification process, i.e., the effects of subsidence 
and the determination of optimum and maximum well spacings. 

Process control based on adjustment of air injection rate 
Future tests 
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PROBLEMS SOLVED AND PROBLEMS NOT SOLVED I N  UCG 

Robert D. Gunn 

U n i v e r s i t y  o f  Wyoming and the  
Energy Research and Development A d m i n i s t r a t i o n  

Laramie Energy -Research Center 
P. 0. Box 3395, U n i v e r s i t y  S t a t i o n  

Laramie, Wyoming 82071 

I NTRODUCT ION 

Several d i f f e r e n t  processes o f  UCG (Underground Coal G a s i f i c a t i o n )  
a re  be ing  i n v e s t i g a t e d  i n  f l o r th  America. O f  these, t he  l i n k e d  v e r t i c a l  
w e l l  process, developed by the  Laramie Energy Research Center, has been 
f i e l d  t e s t e d  most e x t e n s i v e l y  and i s  c l o s e s t  t o  eventual  commerc ia l izat ion.  
There i s ,  consequently, s u b s t a n t i a l  p a r t i c i p a t i o n  i n  f u r t h e r  f i e l d  
t e s t i n g  o f  t h e  l i n k e d  v e r t i c a l  w e l l  process o r  minor v a r i a t i o n s  o f  i t . 
P a r t i a l  o r  complete i n d u s t r i a l  p a r t i c i p a t i o n  i s  i nvo l ved  i n  the  f i e l d  
t e s t i n g  programs o f  t h e  A l b e r t a  Research Counci l ,  Texas A6M U n i v e r s i t y ,  
and Texas U t i l i t i e s .  

Problems, some solved and some no t  solved, which a r e  associated 
w i t h  UCG a r e  d iscussed i n  t h i s  work. Discuss ion o f  these problems o u t l i n e s  
the  c u r r e n t  s t a t u s  of t h e  l i n k e d  v e r t i c a l  w e l l  process. The purpose i s  
t o  p rov ide  pe rspec t i ve  concerning what has been accomplished a l ready and 
what remains y e t  to  be done on the  road t o  commerc ia l izat ion o f  UCG. 

PROBLEMS SOLVED 

1 .  Low Gas Q u a l i t y  

An appra i sa l  o f  wor ld-wide research e f f o r t s  i n  UCG through 1971 showed 
t h a t  no  f i e l d  experiments us ing  a i r  i n j e c t i o n  had c o n s i s t e n t l y  produced gas 
w i t h  a hea t ing  va lue o f  more than 4.7 - 5.1 MJ/m3 (120-130 B tu /sc f ) .  
most cases the gas h e a t i n g  values averaged less  than 3.9 tlJ/m3 (100 B tu /sc f )  
( I ) .  I n  c o n t r a s t  a l l  experiments conducted a t  Hanna, Wyoming, liave r e s u l t e d  
i n  heat ing va lues above 4.7 tlJ/m3 (120 B tu /sc f ) .  Dur ing the  best  c o n t r o l l e d  
o f  a l l  o f  the Hanna experiments, t he  Phase I I lianna I I t e s t ,  t h e  gas 
hea t ing  value averaged 6.7 MJ/m3 (171 B t d s c f )  a t  p roduc t i on  r a t e s  ex -  
ceeding 215,000 m3/day (8 m i  1 1  i on  sc f /day ) .  

I n  

The favo rab le  r e s u l t s  a t  Hanna stem from th ree  w e l l  de f i ned  c o n d i t i o n s :  

1 .  Favorable geo log ica l  cond i t i ons  (2 ,  3). An impervious shale 
o v e r l i e s  t h e  Hanna No. 1 coal  seam. The seam i s  r e l a t i v e l y  t h i c k ,  9 m. 
I t  l i e s  a t  s u f f i c i e n t  depth, 82-122 in, so t h a t  gas leakage t o  the su r face  
has n o t  occurred. A s i n g l e  a q u i f e r ,  o f  very  low p r o d u c t i v i t y ,  o v e r l i e s  
t h e  coa l  seam. 
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2. Subbituminous coal .  Mathematical m d e l  c a l c u l a t i o n s  show t h a t  
t he  hea t ing  va lue o f  gas produced from e i t h e r  l i g n i t e  o r  bituminous coa l  
should be lower than the  hea t ing  va lue o f  gas f rom subbituminous coa l .  
Gases produced by ca rbon iza t i on  o f  the coal  make up a s u b s t a n t i a l  p a r t  
of the  fuel gases produced by UCG. Subbituminous coa l  has a h igh  v o l a t i l e  
content ;  i n  a d d i t i o n ,  t he  ca rbon iza t i on  gases a r e  r i c h  i n  methane. 

In  boreholes and l a r g e  channels, probably  the  most c r i t i c a l  chemical 
r e a c t i o n  i s  the steam-carbon r e a c t i o n  

C + H20 --> CO + H2 

which requ i res  a long residence t ime compared t o  s imple combustion. I n  an 
open borehole, o r  a borehole p a r t i a l l y  f i l l e d  w i t h  rubb le  and l a r g e  p ieces 
o f  coa l ,  t he re  i s  poor con tac t  between the  s o l i d  coa l  char and t h e  m i x t u r e  
o f  water  vapor and ho t  combustion gases. 

I n  con t ras t  i n  t h e  l i n k e d  v e r t i c a l  w e l l  process, no open borehole 
e x i s t s  between the  a i r  i n j e c t i o n  and gas p roduc t i on  we l l s .  Instead gases 
permeate through t h e  d r ied ,  p a r t i a l l y  d e v o l a t i l i z e d  coal .  Average 
p a r t i c l e  s ize,  a t  l e a s t  f o r  the Hanna No. 1 Seam, i s  on the o rde r  o f  one 
m i l l i m e t e r .  Because t h e r e  i s  i n t i m a t e  con tac t  between gases and s o l i d ,  
t he  g a s i f i c a t i o n  reac t i ons  a r e  more extens ive;  and gas h e a t i n g  values, 
consequently, a r e  h igher .  Bituminous coal  con ta ins  less v o l a t i l e  ma t te r  
and, t he re fo re ,  produces a lower hea t ing  va lue gas. L i g n i t e  has a h igh  
v o l a t i l e  content ,  b u t  on d e v o l a t i l i z a t i o n  r e l a t i v e l y  l i t t l e  methane i s  
produced and a lower q u a l i t y  gas i s  obtained. 

3. Contro l  o f  water i n f l u x .  Soviet  data from f i e l d  t e s t s  and com- 
merc ia l  ope ra t i ons  (4,  51, mathematical model c a l c u l a t i o n s  (6, 7, 8 ) ,  
and experimental r e s u l t s  from Hanna, Wyoming, (9, IO) a l l  v e r i f y  t h a t  a 
t o o  h i g h  water i n f l u x  can produce a major d e t e r i o r a t i o n  o f  gas q u a l i t y .  
The phys i ca l  reasons f o r  t he  d e l e t e r i o u s  e f f e c t  o f  water  have been 
discussed elsewhere (5, 6 ,  8, IO). Ejost western T e r t i a r y  coa l  seams a r e  
a q u i f e r s .  The Hanna No. 1 coal  seam, however, i s  a r e l a t i v e l y  unproduct ive 
a q u i f e r .  Therefore, i t  i s  r e l a t i v e l y  easy t o  a d j u s t  a i r  i n j e c t i o n  r a t e s  
t o  ma in ta in  a near optimum a i r / w a t e r  r a t i o .  

2. Decreasing Hea t ing  Value 

I n  many f i e l d  t e s t s  t h e  gas produced s t a r t e d  i n i t i a l l y  w i t h  a 
reasonable h e a t i n g  va lue which then dec l i ned  g radua l l y  t o  unacceptable 
values. Two mechanisms a r e  known which can cause t h i s  behavior :  

1 .  Use o f  boreholes. One method of coal  g a s i f i c a t i o n  i nvo l ves  the  
d r i l l i n g  o f  boreholes t o  connect t he  i n j e c t i o n  and t h e  p roduc t i on  w e l l .  
The coal  i s  i g n i t e d  then and g a s i f i e d  a long t h e  l eng th  o f  t he  borehole. 
I n  t h i s  process the  coal burns r a d i a l l y  outward, and the borehole increases 
i n  s ize.  As t h e  borehole grows i n  s i ze ,  more gas by-passes the  coal ;  and 
t h e  gas hea t ing  va lue d e t e r i o r a t e s  correspondingly .  
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2. Higher water influx for larger burned areas. Since many coal 
beds in the Vest are aquifers, water influx tends to increase as more and 
more surface is exposed by the combustion front. In addition, for larger 
burned out areas subsidence occurs establishing communication with 
overlying aquifers within the subsidence zone. 

With an exception discussed later in this paper, a drastic decline 
in gas heating value has not occurred during the Hanna field tests. The 
major reason is that the linked vertical well process used at Hanna is 
not a borehole method but a permeation method, that is, it is essentially 
a packed bed process. Packed beds are widely used in the chemical process 
industries. A principle, well known among process chemists and engineers, 
is that for satisfactory results channeling must be avoided in packed bed 
equipment such as chemical reactors, liquid-liquid extraction columns, and 
distillation towers. None of the Hanna field tests have yielded any 
definite evidence that open channels have been created. 

Thermal data from instrumented observation wells ( 1 1 ) .  flow rate and 
gas composition ineasurements (9 ,  121, and mathematical modeling ( 6 ,  7) 
have been used extensively in developing the foregoing description of the 
mechanics of the linked vertical well process. A s  more is learned about 
the process, it becomes increasingly clear that lignite and subbituminous 
coal properties are especially amenable to UCG. Both types of coal shrink 
on heating, and drying alone increases the coal permeability by about two 
orders of magnitude ( 1 3 ) .  It is these properties which permit reverse 
combustion linking and a permeation type gasification process to be used. 

3. Variability in Gas Quality and Gas Production Rates 

A wide variability in gas quality and production rates has been 
observed on an hourly or daily basis in many field experiments. The need 
for a constant gas flow rate, however, presents no real problem. It is 
readily achieved with a constant air injection rate and with the use of a 
flow control valve on the production line. 

At Hanna variations in gas heating values on the order of 5 to 10 
percent have been observed at a single well on a daily basis. This falls 
within the acceptable limits for the firing of large boilers. F o i  a 
commercial operation, however, many production wells would be in use 
simultaneously and the variability in the gas  composition^ would tend to 
average out. It i s  also noted that gas variability has been m r e  extreme 
in the borehole or streaming methods of UCG. 

4. Low Thermal (Cold Gas) Efficiency 

In this work thermal efficiency is defined as the upper heating 
value of dry gas and liquids produced divided by the heating value of the 
coal consumed. Consistent with this definition, sensible heat is not 
included nor i s  the latent heat of any water vapor in the gas. 

The instrumentation used during the Hanna field tests permits a 
accurate determination of the thermal efficiency. These efficiencies 
are the highest ever recorded. The Phase I I  Hanna I I  test achieved an 
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e f f i c i e n c y  o f  89 percent  f o r  the e n t i r e  25 days o f  t he  t e s t  du r ing  which 
2300 tonnes (2500 tons)  of coal  were consumed. 

Such h i g h  e f f i c i e n c i e s  a r e  r e a d i l y  achieved under good opera t i ng  
The m n y  f e e t  o f  e a r t h  o v e r l y i n g  and under l y ing  the  coal cond i t i ons .  

seam p rov ide  e x c e l l e n t  i n s u l a t i o n .  I n  t h i c k  coal  seams, the re fo re ,  t he  
LiCG process operates n e a r l y  a d i a b a t i c a l l y .  Most o f  the thermal energy 
re leased from the  combustion o f  coa l  char and a i r  must be produced a t  t he  
su r face  i n  t h e  form o f  s e n s i b l e  and l a t e n t  heat and i n  the  h e a t i n g  va lue  
o f  t h e  gas produced, i .e.,  chemical heat. The s e n s i b l e  heat  i s  a less 
convenient form o f  energy because i t  can be t ranspor ted  o n l y  over  very 
s h o r t  d is tances.  

I n  the borehole o r  s t reaming method o f  UCG a s u b s t a n t i a l  p o r t i o n  o f  

. the t o t a l  energy re leased appears a t  t he  su r face  in  the  form o f  s e n s i b l e  
the  hot combustion gases by-pass the  coal and a considerable p o r t i o n  o f  

heat. I n  permeation processes o n l y  a smal l  p o r t i o n  o f  t he  energy goes 
i n t o  sens ib le  heat. The combustion gases i n t i m a t e l y  con tac t  t he  coa l ,  
and most o f  t h e  sens ib le  heat i s  used up f o r  t h e  h i g h l y  endothermic 
steam-char r e a c t i o n  which produces a combust ib le  gas. 

A number o f  cond i t i ons  can lead  t o  lower thermal e f f i c i e n c i e s  as 
w e l l  as lower gas h e a t i n g  values. 

1 .  Th in  coa l  seams. A l a r g e r  p o r t i o n  o f  t h e  energy i s  l o s t  to t h e  
surrounding rock format ions.  

2. Very h i g h  ash coa l  (over  50 pe rcen t ) .  A s u b s t a n t i a l  p o r t i o n  of 
t h e  thermal energy i s  taken up by the  ash. 

3.  Low a i r  i n j e c t i o n  ra tes .  Gas res idence t i m e  underground i s  
longer ,  and a l a r g e r  p o r t i o n  o f  t h e  energy i s  l o s t  t o  the surroundings. 
Very low a i r  f l o w  r a t e s  a l s o  r e s u l t  i n  lower r e a c t i o n  zone temperatures. 

4. Gas channeling. Th is  r e s u l t s  i n  poor con tac t  between gases and 
coa l .  

5. Too h i g h  water  i n f l u x .  Vapor i za t i on  o f  t h e  water uses up much 
o f  t h e  a v a i l a b l e  thermal energy. 

6 .  Gas leakage. 

The mathematical model mentioned in  t h i s  paper can be used t o  q u a n t i f y  
i n d i v i d u a l  e f f e c t s  l i s t e d  above. 
s y n e r g i s t i c  i n f l u e n c e  o f  two o r  more o f  these e f f e c t s  a c t i n g  s imul taneously .  
More d e t a i l e d  d iscuss ions o f  t he  d i s t r i b u t i o n  o f  energy du r ing  the  UCG 
process have been repo r ted  f o r  t he  Hanna f i e l d  t e s t s  (5, 6, 7, 10). 

5. Low Resource Recovery 

It can a l s o  be used t o  q u a n t i f y  t h e  

I n  the borehole o r  s t reaming method o f  UC6, t h e  combustion f r o n t  tends 
t o  t r a v e l  down the  borehole r a t h e r  r a p i d l y  and t o  break through t o  t h e  pro- 
duc t i on  w e l l .  
below acceptable l eve l s .  Cnder these circumstances, a l a r g e  p o r t i o n  o f  the 

Once t h i s  occurs the  gas q u a l i t y  d e t e r i o r a t e s  very r a p i d l y  
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coa l  i s  l i k e l y  t o  be by-passed, and energy recovery i s  low. In  a l l  t e s t s  o f  
t he  l i n k e d  v e r t i c a l  w e l l  process a t  Hanna, Wyoming, t h e  combustion zone 
advanced a long a broad f r o n t ,  and m s t  o f  t he  coal  i n  p lace was consumed. 
For example, F i g u r e  1 shows t h e  w e l l  l ayou t  f o r  Phases I I  and I l l  o f  the  
Hanna I I  experiment. Wells 5, 6, 7, and 8 a r e  p roduc t i on  and a i r  i n j e c t i o n  
w e l l s .  L e t t e r s  A t o  0 i n d i c a t e  inst rumented obse rva t i on  w e l l s  w i t h  
the rmcoup les  a t  seve ra l  l e v e l s  w i t h i n  the  coa l  seam. Wi th t h e  thermal 
data i t  i s  p o s s i b l e  t o  t r a c k  the  progress o f  t h e  combustion zone. These 
data show t h a t  t h e  combustion f r o n t  burned through a l l  w e l l s  w i t h i n  the  
60 f oo t  square p a t t e r n  except w e l l  K. I t  i s  concluded, the re fo re ,  t h a t  
t h e  a rea l  sweep e f f i c i e n c y  i s  w e l l  ove r  80 percent .  

The square w e l l  p a t t e r n  shown i n  F igu re  1 conta ined 4170 tonnes (4600 
tons) o f  coa l .  M a t e r i a l  balance c a l c u l a t i o n s  based on the carbon content  
o f  produced gases show t h a t  about 6070 tonnes (6690 tons)  o f  coal  were 
consumed (9, 14) .  Obviously considerable bu rn ing  occu r red  o u t s i d e  t h e  
square p a t t e r n .  In  f a c t ,  t he  combustion zone burned through to w e l l  A b u t  
n o t  t o  w e l l  N on t h e  oppos i te  s i d e  o f  t he  p a t t e r n .  A t  t he  same t ime  cores 
o f  coal taken near burned o u t  reg ions have shown no r e a l  evidence o f  p a r t i a l  
u t i l i z a t i o n  of  c o a l .  i.e., cored coa l  samples i n d i c a t e  no s u b s t a n t i a l  
ca rbon iza t i on  (15). I t  i s  i n f e r r e d ,  t he re fo re ,  t h a t  p r a c t i c a l l y  a l l  coal 
contacted by the  combustion f r o n t  i s  complete ly  q a s i f i e d .  

A two dimensional mathematical model developed f o r  UCG shows reasonable 
agreement w i t h  f i e l d  performance determined by thermal measurements and 
ma te r ia l  balance c a l c u l a t i o n s  (16). When work on t h i s  model i s  completed, 
i t  w i l l  be p o s s i b l e  t o  p r e d i c t  the shape o f  t h e  combustion zone for any 
g i ven  w e l l  pa t te rn .  

6. Overa l l  Process E f f i c i e n c y  

The o v e r a l l  process e f f i c i e n c y  i s  de f i ned  here as the  upper h e a t i n g  
va lue o f  d ry  gas and l i q u i d s  produced d i v i d e d  by t h e  hea t ing  va lue  o f  the 
coal  consumed p l u s  a l l  energy consumed on s i t e  f o r  gas compression, 
u t i l i t i e s ,  e tc .  A l l  t e s t s  w i t h  t h e  l i n k e d  v e r t i c a l  w e l l  process a t  Hanna, 
Wyoming, have shown t h a t  UCG i s  an e f f i c i e n t  method o f  energy recovery (IO). 
T y p i c a l l y  about I4 percent  o f  the  energy produced i s  consumed f o r  gas 
compression and o t h e r  purposes. Most o f  t h e  energy consumption i s  f o r  
gas compression. Therefore,  t he  14 percent  f i g u r e  can be g r e a t l y  reduced 
by o p t i m i z i n g  t h e  s i z e  o f  w e l l  cas ing  and su r face  p i p i n g  and u t i l i z i n g  
e f f i c i e n t  a i r  compression equipment. 
f o r  a w e l l  spacing o f  18 m (60 f e e t ) ,  pressure losses a r e  o n l y  0.7-2.0 N/m2 
( 1 - 3  p s i )  even a t  a i r  i n j e c t i o n  r a t e s  o f  120,000 m3/day (4.5 m i l l i o n  scf /day) .  
Thus, ve ry  l i t t l e  energy i s  l o s t  i n  f o r c i n g  a i r  through the  coa l  seam 
because o f  t he  g r e a t  p e r m e a b i l i t y  o f  l i g n i t e  and subbituminous coal  a f t e r  
d r y i n g  and d e v o l a t i l i z a t i o n  by reverse combustion. Overa l l  process e f -  
f i c i e n c i e s  range from 65 t o  74 percent  f o r  t he  l i n k e d  v e r t i c a l  w e l l  t e s t s  
conducted a t  Hanna, Wyoming (IO). 

Pressure measurements show t h a t  

7. Contro l  o f  Combustion F r o n t  

In  a permeation t ype  method o f  UCG such as the  l i n k e d  v e r t i c a l  w e l l  
process, c o n t r o l  o f  t he  d i r e c t i o n  and r a t e  o f  progress o f  t he  combustion 
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front i s  achieved through s e l e c t i o n  of  t h e  p a t t e r n  f o r  p roduc t i on  and 
i n j e c t i o n  w e l l s  and through c o n t r o l  o f  t h e  a i r  i n j e c t i o n  ra te .  A two 
dimensional mathematical model descr ibed by Jennings e t  a l .  (IO) has been 
used t o  p r e d i c t  l o c a t i o n  and shape o f  t he  combustion zone w i t h  s a t i s f a c t o r y  
accuracy. The theory requ i res  f u r t h e r  v e r i f i c a t i o n  w i t h  m u l t i w e l l  pa t te rns .  

8. Equipment Re1 i a b i  1 i t y  

Equipment f a i l u r e s  have severe ly  plagued research on su r face  coal 
g a s i f i c a t i o n  processes. Th is  has no t  been t r u e  w i t h  UCG (19). The h i g h  
l e v e l  o f  equipment dependab i l i t y  i n  UCG r e s u l t s  from two cond i t i ons ,  t h e  
g rea t  s i m p l i c i t y  o f  t he  surface i n s t a l l a t i o n s  requ i red  and the  r e l a t i v e l y  
low temperatures o f  gases produced. 

9. Lack o f  P red ic tab i  1 i t y  

A f requent  compla in t  has been t h a t  UCG i s  h i g h l y  unp red ic tab le ;  
t he re fo re ,  r e l i a b l e  engineer ing des ign was not  p o s s i b l e  p resen t ing  a 
major obs tac le  t o  commerc ia l izat ion of  i n  s i t u  coa l  g a s i f i c a t i o n .  I n  the  
pas t  t h i s  has undoubtedly been t rue ,  b u t  t h e  r e s u l t s  from t h e  l a t e s t  t e s t  
a t  Hanna s t r o n g l y  i n d i c a t e  t h a t  t he  problem i s  c l o s e  t o  s o l u t i o n .  

Although UCG i s  no t  ye t  ready f o r  commerc ia l izat ion,  t h a t  t ime i s  
approaching r a p i d l y .  A t  the present ,  understanding o f  t h e  phys i ca l  and 
chemical mechanisms c o n t r o l l i n g  UCG i s  f a r  more complete than o f  many 
competing coa l  g a s i f i c a t i o n  processes. 
has resu l ted  from th ree  developments: ex tens i ve  i ns t rumen ta t i on  o f  f i e l d  
experiments, a v a i l a b i l i t y  o f  computers l a r g e  and small  (20) ,  and the  
development of  s o p h i s t i c a t e d  models capable o f  p r e d i c t i n g  accu ra te l y  f i e l d  
t e s t  performance. 

T h i s  g r e a t l y  increased understanding 

IO. S i t e  S p e c i f i c i t y  

The very favo rab le  r e s u l t s  ob ta ined  from UCG f i e l d  t e s t s  a t  Hanna, 
Wyoming, have not  been dup l i ca ted  anywhere e l s e  in  the world. I t  might 
be concluded t h a t  success i s  s p e c i f i c  t o  t h e  Hanna s i t e .  Th i s  i s  no t  t he  
case, however. Most o f  t h e  parameters e s s e n t i a l  t o  successfu l  UCG have 
been i d e n t i f i e d  through the  use o f  mathematical models and o f  massive 
amounts o f  data acqui red du r ing  f o u r  years o f  f i e l d  t e s t i n g .  
a number o f  favorable f a c t o r s  have c o n t r i b u t e d  g r e a t l y  t o  successfu l  t e s t s  
a t  Hanna, Wyoming; severa l  o f  these f a c t o r s  have been discussed a l ready  
( r e f e r  t o  i t em 1 .  Low Gas Q u a l i t y ) .  These f a c t o r s ,  however, a r e  by no 
means unique t o  the  Hanna coal f i e l d  b u t  occur  i n  many i f  n o t  m s t  areas 
o f  t he  West. 

Undoubtedly 

PROBLEMS NOT SOLVED 

No at tempt  i s  made here t o  d iscuss a l l  research problems which remain 
unsolved because, even w i t h  proven processes, new problems f requen t l y  
a r i s e .  Instead problems which remain unsolved a r e  c l a s s i f i e d  as one o f  
t h ree  types as a bas i s  f o r  d iscuss ion.  
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C r i t i c a l  problems. These a r e  problems which, i f  not  resolved favo r -  
ab ly ,  w i l l  have a major  harmful impact on the commerc ia l i za t i on  o f  UCG. 
Only t w o  problems o f  t h i s  type a r e  known, subsidence and excess ive water  
i n f l u x .  

N o n - c r i t i c a l  problems. These a re  problems which can have a major 
economic impact, bu t  which w i l l  n o t  prevent  commerc ia l izat ion even i f  no 
favorable s o l u t i o n  i s  found. Uncer ta in t y  concern ing maximum w e l l  spacing 
i s  such a problem. 

Developmental problems. These a r e  problems which r e q u i r e  a p p l i c a t i o n  
o f  o f f - t h e - s h e l f  technology, o r  a r e  problems which may r e q u i r e  new tech- 
nology bu t  w i l l  n o t  have a major economic impact on t h e  process. Gas 
clean.-up i s  such a problem. 

1 1. Subsidence 

Subsidence i s  p robab ly  t h e  most impor tant  s i n g l e  obs tac le  t o  com- 
m e r c i a l i z a t i o n  of UCG. Because o f  f i s c a l  l i m i t a t i o n s ,  t h e  t e s t s  a t  Hanna 
have been l i m i t e d  to two and f o u r  w e l l  p a t t e r n s  w i t h  60 f o o t  spacing. Wi th  
t h i s  spacing no subsidence has been observed a t  t h e  sur face,  a l though 
subsurface cav ing  o f  t h e  roo f  has occurred d i r e c t l y  over  areas of  burned 
o u t  coal .  

When l a r g e r  UCG p a t t e r n s  a r e  used, subsidence o f  t he  su r face  w i  1 1  
occur i n e v i t a b l y .  A t  many loca t i ons  i n  t h e  western s t a t e s  t h i s  i s  n o t  an 
insurmountable problem. Even w i t h  ex tens i ve  subsidence, the su r face  i s  
less d i s t u r b e d  than i t  would be by s t r i p  mining. 

There are, however, t h r e e  m j o r  problems associated w i t h  subsidence: 

1. D i s r u p t i o n  o f  o v e r l y i n g  aqu i fe rs .  A ve ry  s e n s i t i v e  p o l i t i c a l  
issue i n  a r i d  reg ions.  

2. Establ  ishment o f  communication w i t h  o v e r l y i n g  a q u i f e r s  through 
subsidence and consequent f l o o d i n g  o f  t h e  combustion zone. 

3. Gas leakage t o  a q u i f e r s  and p o s s i b l y  to the  surface. 

Only f u t u r e  f i e l d  t e s t s  w i t h  l a r g e  p a t t e r n s  can determine t o  what 
ex ten t  t he  fo rego ing  harmfu l  e f f e c t s  can be minimized. 

O f  course, i f  t h e  e f f e c t s  o f  subsidence should prove i n t o l e r a b l e  i n  
a g iven s i t u a t i o n ,  i t  cou ld  be avoided e n t i r e l y  by u t i l i z i n g  smal l  i s o l a t e d  
burn pa t te rns .  T h i s  would be p r a c t i c a l  o n l y  i f  the rock overburden had 
s u f f i c i e n t  s t r u c t u r a l  s t r e n g t h  as i t  does a t  Hanna. 
i n  an u n f o r t u n a t e  r e d u c t i o n  i n  the amount o f  recoverable coal .  

I t  would r e s u l t  a l so  

12. Excessive Water I n f l u x  

V i r g i n  coa l  i n  t h e  Hanna No. 1 seam has low p e r m e a b i l i t y  and i s  a very 
unproduct ive a q u i f e r .  For t h i s  reason, i t  i s  p o s s i b l e  t o  ma in ta in  a nea r l y  
optimum w a t e r / a i r  r a t i o  (moles water produced from t h e  coa l  seam/moles a i r  
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i n j e c t e d )  a t  reasonable a i r  i n j e c t i o n  ra tes .  T h i s  was t r u e  f o r  Phases I and 
I I  o f  t h e  Hanna I I  experiment. Both o f  these t e s t s  i nvo l ved  o n l y  two w e l l s  
spaced 16 m apa r t  f o r  Phase I and 18 m a p a r t  f o r  Phase I I .  

Both the hea t ing  va lue of gas produced and t h e  thermal e f f i c i e n c y  o f  
t h e  process were much lower f o r  Phase I l l  than f o r  the prev ious two t e s t s .  
F i e l d  da ta  (9, IO) and c a l c u l a t i o n s  w i t h  t h e  mathematical model (8) b o t h  
conf i rmed t h a t  t h e  d e t e r i o r a t i n g  r e s u l t s  ob ta ined  i n  the  Phase I l l  t e s t  
r e s u l t e d  from an excess ive i n f l u x  o f  water .  Phys i ca l  l i m i t a t i o n s  o f  t h e  
a i r  i n j e c t i o n  system prevented adjustment  o f  t h e  w a t e r / a i r  r a t i o .  

Phase I l l  i nvo l ved  a f o u r  w e l l  t e s t  pa t te rn .  Thus, t he  r e a c t i o n  zone 
was exposed t o  a much l a r g e r  area o f  wa te r  dra inage from t h e  coal  seam. 
A l s o  the l a rge r  burn area may have promoted g r e a t e r  cav ing  of t h e  roof  and 
communication w i t h  an o v e r l y i n g  a q u i f e r .  

Excessive water  i n f l u x  can be c o n t r o l l e d  i n  four  ways: 

1 .  Use o f  dewater ing we l l s .  

2. Carefu l  pressure c o n t r o l .  

3. Adjustment o f  t h e  a i r  i n j e c t i o n  r a t e .  

4. G a s i f i c a t i o n  i n  an up d i p  d i r e c t i o n .  

The degree o f  success t h a t  can be achieved w i t h  these c o n t r o l  measures can 
o n l y  be proven w i t h  t h e  use o f  l a r g e  w e l l  p a t t e r n s  i n  f u t u r e  t e s t s .  

13. Maximum Well Spacing and Depth 

Factors  a f f e c t i n g  maximum we1 1 spac ing and depth a r e  l a r g e l y  c o n j e c t u r a l  
and have not  been i n v e s t i g a t e d  i n  f i e l d  t e s t s .  Maximum depth a t  which the  
process i s  workable i s  an impor tant  i n d i c a t o r  o f  t he  amount o f  coal  t h a t  may 
be s u i t a b l e  f o r  UCG. Maximum w e l l  spacing i s  impor tant  because the  d r i l l i n g  
and complet ion o f  w e l l s  i s  a major cos t  i t em i n  the  o p e r a t i o n  o f  a UCG 
p r o j e c t .  Ne i the r  i s  a c r i t i c a l  problem, however. There a r e  vas t  depos i t s  
o f  coal a v a i l a b l e  a t  depths a l ready  t e s t e d  s u c c e s s f u l l y  w i t h  UCG. Economic 
s tud ies  i n d i c a t e  t h a t  UCG even w i t h  t h e  c lose  spacing used a t  Hanna, Wyoming, 
may be compe t i t i ve  a l ready  w i t h  some i n t r a s t a t e  n a t u r a l  gas p r i c e s  (21). 

14. Bituminous Coal 

I t  has been emphasized e a r l i e r  t h a t  t h e  l i n k e d  v e r t i c a l  w e l l  process i s  
a permeation method and t h a t  t h i s  f a c t  has been respons ib le  f o r  much o f  t he  
success o f  t h e  Hanna t e s t s .  L i g n i t e  and subbituminous coal s h r i n k  on 
d r y i n g  and ca rbon iza t i on .  Th is  pe rm i t s  the  use o f  reverse combustion 
l i n k i n g ,  and the  establ ishment  o f  a permeat ion process du r ing  forward g a s i f i -  
c a t i o n .  A t  t h i s  t ime i t  i s  no t  c e r t a i n  t h a t  t h e  l i n k e d  v e r t i c a l  w e l l  process 
can be used success fu l l y  i n  eas te rn  b i tuminous coal  which s w e l l s  on hea t ing .  
Because of the  l a r g e  popu la t i on  o f  t h e  eas te rn  s ta tes ,  i t  i s  impor tant  t o  
t e s t  t h e  v i a b i l i t y  o f  UCG i n  eas te rn  c o a l .  However, t h i s  i s  n o t  c lassed  as 
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a c r i t i c a l  problem, t h a t  i s ,  a problem c r i t i c a l  t o  commerc ia l izat ion o f  UCG. 
Regardless of t h e  outcome o f  eastern tes ts ,  UCG remains a workable process 
i n  l i g n i t e  and subbituminous coal .  

15. Gas Clean-up 

Gas t reatment  i s  c l a s s i f i e d  as an unsolved problem because i t  has no t  
been at tempted o r  demonstrated i n  t h e  f i e l d .  Gas analyses, however, i n d i -  
cate t h a t  o n l y  e x i s t i n g  technology i s  requ i red  for gas c lean-up which i s  
p r i m a r i l y  a developmental problem. 

Coal gas f r o m  coke ovens o r  L u r g i  g a s i f i e r s  con ta ins  heavy t a r s  and 
much p a r t i c u l a t e  mat ter .  Extens ive and r e l a t i v e l y  expensive clean-up i s  
requi red f o r  t hese  gases, and t h e  h i g h l y  v iscous coal t a r s  tend t o  p l u g  
valves o r  o t h e r  equipment. 

In c o n t r a s t  gas from UCG i s  much c leaner .  The condensed l i q u i d s  cause 
fewer problems than  t y p i c a l  coal t a r s  because o f  the d i f f e r e n c e  i n  t h e i r  
phys i ca l  p r o p e r t i e s .  The l i q u i d s  f rom UCG have a low v i s c o s i t y  s i m i l a r  
t o  tha t  o f  o i l s .  None of t h e  m a t e r i a l  has a b o i l i n g  p o i n t  above 780 K 
(950" F) .  A l m s t  a q u a r t e r  of t he  more t y p i c a l  coa l  t a r  de r i ved  from the 
l a b o r a t o r y  c a r b o n i z a t i o n  o f  Hanna No. 1 coa l  was composed o f  res idue w i t h  
a b o i l i n g  p o i n t  above 810 K ( l O O O o  F) (17). 

P a r t i c u l a t e  concen t ra t i ons  and composit ions have been repo r ted  as w e l l  
as t race metal analyses (18). Dur ing forward combustion p a r t i c u l a t e  loading 
has v a r i e d  from 0.05 t o  0.90 gm/m3. About 1/2 to 2/3 weight  f r a c t i o n  o f  
t h e  p a r t i c u l a t e  ma t te r  c o l l e c t e d  f a l l s  i n  t h e  submicron range. Analyses 
i n d i c a t e  t h a t  i t  c o n s i s t s  o f  p a r t i a l l y  carbonized coal  ,and coa l  char. 

S u l f u r  i s  produced i n ' t h e  form o f  hydrogen s u l f i d e  and no s u l f u r  
d i o x i d e  has been measured. 
much more e a s i l y  from t h e  gas than s u l f u r  d i o x i d e .  

Hydrogen s u l f i d e ,  o f  course, can be scrubbed 

Gas p r o d u c t i o n  temperatures u s u a l l y  range between 510-590 K (450-600" F). 
Thus, h i g h  temperature c lean-up i s  n o t  needed, and e x i s t i n g  technology 
appears t o  be adequate f o r  gas t reatment .  

SUMMARY AND CONCLUSIONS 

F i f t e e n  major  t echn ica l  problems assoc ia ted  w i t h  UCG have been discussed. 
Ten problems have been l a r g e l y  solved, f i v e  remain unsolved. O f  the f i v e ,  
i t  i s  b e l i e v e d  t h a t  o n l y  two, subsidence and excess ive water  i n f l u x ,  can 
present  p o t e n t i a l l y  major obs tac les  t o  commercial i z a t i o n  o f  UCG. The Laramie 
Energy Research Center has had v i r t u a l l y  no f i e l d  exper ience 'w i th  e i t h e r  
problem because they  become major ones o n l y  w i t h  l a rge  w e l l  pa t te rns  which 
have y e t  t o  be f i e l d  tes ted .  
should determine w i t h i n  the next  few years i f  these two problems can be 
resolved favo rab ly .  

However, proposed l a r g e  area f i e l d  experiments 
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DESCRIPTIONS OF RFVERSE COMBUSTION LINKAGE AND 
FORWARD GASPICATION DURING UNDERGROUND COAL GASIFICATION 

p. J. Hommert and S. G. Beard 

Sandia Laboratories 
Albuquerque, New Mexico 87115 

INTRODUCTION 

From March t o  Ju ly  1976 the Laramie Energy Research Center ( L E X )  conducted 
Phases 2 and 3 of t h e  Hanna I1 Underground Coal Gasification (UCG) Experiment i n  
a 3Gft  subbituminous coal seam located a t  a depth of 270 f ee t  near Hanna, Wyoming ( 
"he t e s t  was extensively instrumented by Sandia Laboratories with the objectives o f  
both measuring the i n  s i t u  process d i r ec t ly  and developing remote measurement 
techniques tha t  would be  appropriate for monitoring future large scale gasification 
projects.  Primary among the  remote techniques were passive acoustic, induced 
seismic and e l e c t r i c a l  (2) .  While t h e  data i n  these areas are s t i l l  undergoing 
analysis,  the techniques appear promising i n  t h e i r  a b i l i t y  t o  detect regions of 
affected coal and thereby provide real-time measurement of the process movement. 
In addition t o  these remote techniques, extensive thermal data were obtained during 
the t e s t  by thermocouples located within t h e  coal seam. This paper presents infor-  
mation about t h i s  gasif icat ion t e s t  obtained from an analysis of a portion of these 
thermal data. 

1). 

DESCRIFTION OF EXPERIMENT 

The t e s t  u t i l i zed  the linked ve r t i ca l  well  concept f o r  thick seam gasification. 
As applied a t  Hama t h i s  involves essent ia l ly  a two-step process. F i r s t ,  a high 
permeability l ink between the  process wells i s  established by means of reverse 
combustion. 
a t  t he  other. 
a i r  flow towards the in jec t ion  well. 
seam a t  lower pressures increases substantially,  t he  direction of f ront  movement 
reverses, and forward gasif icat ion proceeds from t h e  injection w e l l  toward the 
production well. 

This involves inject ion of high pressure a i r  a t  one well  and ignition 

Once the  link i s  complete, a i r  flow into the 
A combustion front  is then drawn from the ignit ion source against t h e  

Figure 1 indicates the process and instrumentation well  pattern fo r  the Hanna I1 
experiment. 
with other measurement devices, typical ly  eigbt Chromel/Alumel thermocouples a t  
d i f ferent  locations within t h e  coal seam. 
the overburden. 

The letter-designated Sandia instrumentation wells contained, along 

Additional thermocouples were located i n  

The experiment was conducted i n  two parts.* Phase 2 involved linkage and 
gasification between process Wells 5 and 6. 
drive the 5-6 burn a s  a l i ne  toward the 7-8 well  l i ne ;  however, t h i s  proved unsuccess- 
f u l  and the bulk of Phase 3 consisted of two-well gasif icat ion similar t o  the  5-6 
burn. Most of the interpretat ions presented herein deal with the more heavily 
instrumented Phase 2 pa r t  of the experiment. 

Phase 3 was i n i t i a l l y  an attempt t o  

*Phases 2 and 3 were conducted between Days 96 and 152, and Days 152 and 2U (19761, 
respectively. 
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ANALYSIS 

The majority of the  thermal data obtained during the  t e s t  show very rapid 
temperature r i ses .  
flows and/or the  d i rec t  passage of the  combustion front .  
temperature r i s e s  seen during cer ta in  par t s  of t h e  t e s t  which appear t o  be  t h e  
resu l t  of conduction from a high temperature region. In par t icular ,  these responses 
were observed during reverse combustion linkage and the  l a t e r  stages of forward 
gasification. Such data can b e  analyzed by conduction models t o  provide information 
about the  high temperature regions. 
inverse problem; i . e . ,  the  source w i l l  be  characterized by observations Of i t s  Output. 

The approach taken f o r  solving t h e  inverse problem i n  th i s  paper i s  tha t  of 

This i s  t h e  resu l t  of sudden exposure t o  high temperature gas 
There are, however, 

The analysis const i tutes  the solution of an 

minimizing a leas t  squares comparison of measured data and model calculations. 
determines a solution range f o r  the  conduction model parameters. 
and simplex techniques are used t o  perform the  optimization. 

This 
Both random search 

Linkage Analysis 

During reverse combustion linkage, t h e  affected coal  i s  confined t o  a narrow 
region due t o  the l o w  flow r a t e s  and the  fac t  that thermal energy i s  propagated 
in to  the  virgin coal  predominantly by conduction (an inef f ic ien t  t ransfer  mechanism 
i n  coal). Thus, f o r  analysis purposes, the link8ge path i s  modeled as a cyl indrical  
path of radius a and average temperature, TH. 
difference calculations were made which included the  e f fec ts  of temperature dependent 
thermal conductivity and water vaporization. 
below 200°F, the  constant property ana ly t ica l  expression (3), 

Using this model, numerical f i n i t e  

Results indicate t h a t  f o r  responses 

T ( r , t )  = (TH-TA) (a/r)1/2erfc( (r/a-1)/2(at/a2)’I2) + TA 

can f i t  the  numerically generated r e s u l t s  within f 5% by adjusting the  thermal 
diffusivi ty ,  a, as an empirical function of TH. 
ambient temperature, r is the rad ia l  dis tance from the  sensor t o  +he center of t h e  
path and t is the  time since the a r r i v a l  of the  path i n  the  v ic in i ty  of the sensor. 
Equation 1 was used t o  analyze a l l  t h e  low temperature (< 200°F) responses seen 
during the  Phase 2 linkage. 
there  were thermal responses of at  l e a s t  5’F a t  17 sensor locations w i t h  a t  l e a s t  
one i n  each of the  eight wells nearest t h e  l i n e  between process Wells 5 and 6. 
data a re  sham i n  Figure 2 with the  remainder of t h e  responses i n  these eight w e l l s  
during Phase 2. 
of the coal seam. 
a temperature suff ic ient  f o r  gasif icat ion (taken here as  1500°F) or at an indication 
of thermocouple fa i lure .  

In  Equation 1, T i s  t h e  i n i t i a l  

During t h e  period f r o m  igni t ion on Day 94 t o  Day 114, 

Tnese 

The thermocouple locations a re  expressed i n  f e e t  from t h e  bottom 
For l e g i b i l i t y  the responses are truncated once a leve l  reaches 

The optimization routines re turn values f o r  a, TH, and the posi t ion coordinates 
necessary t o  specify r. 
Wells D and 0, between Wells F and G and between Wells A and C. 
Wells E and B indicate  that t h e  linkage path passed d i rec t ly  by these w e l l s .  
the  speed with which it passed between them and the  fact tha t  t h e  E-B l i n e  coincides 
with a major f racture  direct ion makes it plausible tha t  the path proceeded along a 
fissure near these two wells. 
appropriately analyzed with a conduction model. 

Least squares comparisons were made i n  four regions: near 

Also, 
The responses i n  

Therefore, t h e  data  from these wells could not b e  

The early responses sham i n  Figure 2 along the  Well A-C-F-G‘line indicate  the 
The leveling off seen i n  the  5 - f t  response presence of two separate linkage paths. 
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i n  Well C indicates t h a t  the path near th i s  wel l  probably did not f u l l y  develop. 
The temperature responses seen i n  the two levels  i n  Well C and one l e v e l  in  Well A 
are  consistent with a linkage path of equal s ize  and temperature t o  t h a t  passing 
between Wells F and G b u t  one t h a t  begins t o  cool rapidly a f t e r  about Day 11%. 
A t  approximately the  same t i m e ,  t h e  F-G linkage path proceeded rapidly from Well E 
t o  B which would make t h i s  path t h e  preferred f l o w  direction. 

Figures 3 and 4 summarize the  resu l t s  of the analysis of  linkage data using 
Equation l w h e r e  f o r  the A-C path an addi t ional  term i s  added t o  account for  cooling 
af ter  Day 106. Figure 3 compares typ ica l  calculated and measured responses for a 
number of different  sensor locations. Figure 4 shows the  r e l a t i v e  position and 
s ize  of the linkage paths with respect t o  the  instrumentation wells. 

A number of statements concerning linkage can be made as a r e s u l t  of the 
analysis. 

1. 

2. 

3. 

4. 

5. 

6. 

7.  

Typically, t h e  i n i t i a l  temperature increase shown by the measured data  i s  
greater than that predicted. This i s  consistent with the idea t h a t  the i n i t i a l  
pulse comes from the most act ive combustion zone whereas t h e  long term response 
i s  indicat ive of the average temperatures i n  the  path behind the  combustion 
f ront .  !Chese temperatures are, of  course, lower than the peak combustion 
temperatures. 

The low thermal conductivity of coal  r e s u l t s  i n  la rge  temperature gradients so 
t h a t  small changes i n  distance resu l t  i n  la rge  temperature changes. Thus, t h e  
most accurate interpretat ions that  can be made from t h e  analyses are  those 
re la t ing  t o  position. 

Results consis tent ly  indicate  effective diameters f o r  the linkage path i n  the 
range 2.5 t o  3.5 f t .  

The analysis cannot determine accurately t h e  temperature of t h e  path, because 
temperature has a weak effect  on response, and it i s  also sensi t ive t o  fluctuations 
i n  flowrate. Therefore, t h e  responses r e s u l t  from heat sources whose strengths 
may vary widely Over the  measurement time. 
t u r e s  of 900 t3  1300°F. 

The analysis places the center of the  primary linkage path 5 f t  from Well D, 
3.5 f t  from Well 0, and 4 ft from Well G. Similarly, the other path i s  4 f t  
f rom Well D and 4.5 ft from Well C. 

I n  a l l  the  linkage da ta  there  i s  no evidence of thermal override i n  the  coal  seam. 
The Well A-C path remains about 6 f t  from t h e  bottom of t h e  coal seam and the 
Well F-G path about 5.5 f t  f r o m  the bottom. 

None of the l o w  temperature responses are  inconsistent with e i ther  t h e  analyt ical  
model i t s e l f  or the  interpretat ions resu l t ing  f r o m  the analysis. However, because 
of t h e  nature of inverse problems (especially when there  a re  many unknowns), these 
resu l t s  do not preclude the possibi l i ty  of other mechanisms or models accounting 
for the observed responses. 

The analysis does indicate  path tempera- 

Gasification Analysis 

I n  addition t o  the da ta  obtained during linkage, t h e  responses measured l a t e r  by 
sensors outside the gasif ied zone can b e  analyzed w i t h  conduction models t o  determine 
t h e  boundary of the  affected coal zone i n  the v ic in i ty  of the sensor. 
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When analyzing thermal responses during forward combustion, it i s  important t o  
recognize tha t  cer ta in  regions of the  v i rg in  coal can b e  heated by convective gas flows 
i n  addition t o  possible conduction. In  such regions a pure conduction analysis 
would not be appropriate. 
temperature increases i n  Wells H, I, and J can be considered as primarily due t o  
conduction. 
f l o w  paths established during Phase 2, and two-dimensional isothermal compressible 
flow calculations indicate  t h a t  a t  such distances there i s  very l i t t l e  gas f l o w  i n  
t h e  v i rg in  coal. 
pr ior  t o  the  upturn which has  been characterized as due t o  conduction. Therefore, 
conduction models are appropriate f o r  analyzing the  responses i n  these w e l l s  as 
affirmed by the  excellent agreement so obtained between calculations and measured 
data. 

A number of fac tors ,  however, indicate  t h a t  the i n i t i a l  

A l l  these wells l i e  20-30 f t  away f r o m  t h e  i n i t i a l  high permeability 

Also, none of the thermocouples show any signif icant  preheating 

The model chosen t o  analyze these responses i s  t h a t  of a f ixed w a l l  which 

In  order t o  account f o r  boundary movement a dumq i n i t i a l  time 
experiences a s tep jump i n  temperature t o  some typica l  gasif ied zone value at the  
i n i t i a l  t i m e .  
increment i s  used. This t i m e  increment allows f o r  the  establishment of a preheat 
zone which models t h e  thermal prof i le  preceding a slowly moving boundary. 
dimensional calculations show tha t ,  due t o  the  insulat ing propert ies  of the  coal, a 
one-dimensional expression can be used t o  determine t h e  normal distance from the  
sensor t o  the boundary even if  the  boundary i s  ver t ica l ly  nonuniform. 

Two- 

For t h e  one-dimensional case the  appropriate ana ly t ica l  expression (3) i s  

T(x,t) = (TH-TA)erfc(x/2 &) + TA 

The variables here have the same meaning as i n  Equation 1 except t h a t  x is  the 
distance f r o m  t h e  sensor t o  the nearest point on the  boundary. 
the  linkage analysis, f o r  low temperature responses the  analyt ical  expression i n  
Equation 2 provides good agreement with numerical calculations t h a t  include property 
var ia t ions and vaporization when a i s  an empirically determined function of T 

A s  was t h e  case f o r  

H’ 
The data analyzed using t h i s  model were the responses seen l a t e  i n  Phase 2 

i n  Wells H, I, and J. Plots  of these data are presented i n  Figure 5. The agreement 
between the  measured data  and model calculations i s  qui te  good and be t te r ,  i n  f a c t ,  
than was seen i n  the linkage data analysis. 

The analysis of the  Well H, I and J responses lead t o  a number of conclusions 
concerning gasif icat ion i n  the  l a t e r  stages of Phase 2. 

1. The f i n a l  boundary at the  end of Phase 2 (Day 152) for  t h e  10-f t  t o  20-ft 
l eve ls  was approximately 4-5 ft f r o m  Well J and 3-4 f t  f r o m  Wells H and I. 

2. The v e r t i c a l  s t ructure  of the f i n a l  boundary was such t h a t  it extended about 
1 f t  fur ther  out f r o m  the reaction zone center a t  t h e  10-ft l e v e l  than a t  t h e  
20-f t  level. 

The predominant reason f o r  the time lag  between t h e  responses at  the lower and 
higher levels  i s  not the  difference i n  f i n a l  extent but ra ther  t h e  upper leve ls  
j u s t  reach the f i n a l  posi t ion l a t e r  i n  time. This conclusion implies tha t  , the  
combustion front ,  a t  l e a s t  i n  the  direct ions perpendicular t o  t h e  process w e l l s ,  
a t  l a t e r  times i s  not mwing uniformly across the seam, but  ra ther  it i s  
pivoting about the  points of fur thest  extent near t h e  bottom of t h e  seam. 
pivoting movement i s  i l l u s t r a t e d  more c lear ly  i n  Figure 6 which shows a 

3. 

This 
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schematic diagram of t h e  gasified zone boundary movement during the l a t e r  stages 
of Base  2 i n  the  v i c in i ty  of Well I. The l i nes  drawn are  approximations t o  the 
f i n i t e  thickness boundary (* 2 f t )  containing pyrolysis and gasif icat ion regions. 
mey are based on t h e  information obtained from thermal data as t o  the f i n a l  
position, time of a r r i v a l  a t  t h a t  posit ion and minimum horizontal  velocity ju s t  
p r io r  t o  reaching t h a t  posit ion.  Also, the boundary l i ne  on Day 135 i s  con- 
s i s t en t  with the contours drawn i n  Figure 7. 
levels  i n  the  10-ft  to 20-ft region. 
by conduction in  the over and underburden, respectively. None of t he  responses 
outside the 10 t o  20 f t  range are inconsistent with the extrapolated boundaries 
indicated by dashed l i n e s  i n  the  figure.  

m i c a 1  boundary temperatures necessary f o r  g o d  agreement between calculated and 
measured responses were i n  the  range of 1150'F t o  1 6 0 0 ~ ~ .  

The actual  data used are  fo r  
The 30-ft and 0 - f t  responses are distorted 

4. 

Data Interpretation 

Having completed an analysis of the predominant conduction responses seen during 
Phase 2, it i s  of i n t e r e s t  t o  correlate these analyses with t h e  r e s t  of the thermal 
data i n  an attempt t o  p i c tu re  the structure of t he  gasified zone as a function of 
time. Figure 7a shows the gasified zone on 
Day I35 divided in to  two sections. The dashed l i ne  i s  an average extent fo r  the 
0-ft t o  10-ft  l eve l  within the  coal seam. 
extent fo r  the 10-ft t o  30-ft  levels.  The reason f o r  such a division i s  obvious from 
the considerable difference i n  areal  extent between the  two zones indicated in  the 
figure.  
lower levels i n  Wells A and D and the lack of such i n  t h e  upper levels,  extrapolation 
of t he  boundaries and a r r i v a l  times indicated by analysis of the Well H, I, and J 
data, and the 20-ft responses i n  Wells F, G and 0. 
t o  agree w i t h  LERC's material  balance calculations as t o  the amount of coal gasified. 
Figure 
These contours are  more d i f f i c u l t  t o  draw since the only hard data i s  the boundary 
near t he  H-I-J l i ne  and, of course, t he  need t o  agree with material balance calculations 
Therefore, it was necessary t o  extrapolate from the upper level  responses i n  Wells A, 
D and G t o  draw the contours on Day 152. The effect  of the assymetry i n  the  primary 
linkage path is  evident i n  the  shape of t he  gasified region. 

Figure 7 represents such an attempt. 

The sol id  l i n e  represents an average 

The primary inputs f o r  constructing these contours are the  responses a t  the 

The contours were also constrained 

shows the  extent of the same two zones a t  t he  completion of phase 2. 

While continuous boundaries of a gasified zone can be drawn, it i s  important t o  
recognize tha t  t he  gas i f ica t ion  mechanism probabb var ies  along the  boundary. 
example, the rap id  responses i n  the  l o w  levels  of Wells A and C would seem t o  be 
character is t ic  of the advance of a combustion front  and i t ' s  associated steep 
temperature gradients. 
probably t h e  r e su l t  of expansion about t h e  linkage path due t o  a high temperature 
oxygen depleted gas stream and reduction reactions. 

For 

I n  contrast ,  the  more gradual r i s e s  seen i n  Well D are 

Takentogether, Figures 7a and 'j'b provide a picture  of how the UCG process 
proceeded i n  t h e  Hanna seam during forward gasification. There i s  an i n i t i a l  period 
Of rapid horizontal growth a t  about the l eve l  of the linkage path perhaps due t o  
higher i n  s i t u  permeability i n  t h e  horizontal  direction. During t h i s  period the 
ve r t i ca l  growth i s  slower and i s  confined t o  the region near t he  inject ion vel1 and 
adjacent t o  the  linkage path. 
low i n  the seam slows, and during the l a t e r  stages of gasification the boundary 
"pivots" about t he  poin ts  of fur thest  extent and moves towards the roof of the coal 
seam aided by subsidence. 

Then a t  some point the r a t e  of horizontal  extension 
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Three additional observations support t h i s  description of the process. F i r s t ,  
i f  the  gasif ied zone expands very rapidly i n  the  lower t h i r d  of t h e  seam, then one 
m i g h t  expect t o  see s m e  combined convection-conduction heating t o  upper leve l  
thermocouples from below prior t o  t h e i r  experiencing high gasif icat ion temperatures. 
Examination of the 15 and 20-ft responses i n  nearly a l l  the wens shars jus t  +,hat 
trend. 
seen a t  the  0, 5 ,  and 10-ft levels. 
be calculated by conduction from a high temperature boundary 2 t o  3 f t  away. 
induced seismic data  (4) on Day U 2  indicate  a region of affected coal  4 t o  6 ft 
beyond Well A a t  about the  5-ft  level .  
at  t h e  lower levels  since it i s  c lear  from material balance considerations alone that  
at the  upper levels  the  gasif ied zone can have nowhere near t h i s  extent. 
passive acoustic source locations i n  the  overburden, which a re  indications of the  
zone extending t o  the  roof of t h e  coal  seam, are  predominantly located t o  the  
inject ion wel l  s ide of the Well A-C-F-G l ine .  
which show greater v e r t i c a l  extent i n  t h i s  region. 

Almost without exception, t h e  upturns a t  these levels  are  slower than those 
Many of t h e  responses a re  not unlike whak would 

Second, 

This again indicates  much more rapid expansion 

Finally, 

This i s  consistent with the  contours 

CONCLUSIONS 

The thermal data analysis  indicates the  reverse combustion linkage path i n  t h e  
Hanna seam was approximately 3 f t  i n  diameter. 
respect t o  the instrumentation w e l l s  was mapped and no evidence of v e r t i c a l  override 
was detected. 
responses from within the  gasif ied zone indicate t h a t  the  i n i t i a l  stages of forward 
gasif icat ion shared rapid horizontal expansion at about t h e  level of the  linkage 
path, whereas, a t  l a t e r  stages v e r t i c a l  mwement becomes more rapid and leads t o  
f ina l  boundaries t h a t  are nearly ver t ica l .  

The posi t ion o f  the  path with 

The analysis of boundary thermocouple data combined w i t h  thermal 
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Investigations of Reverse Linking in  
Thin Bituminous Coal Seams 

George W .  Douglas 
Marvin D. McKinley 

The University of Alabama 
Col 1 ege of Engineering 

University, Alabama 35486 

Introduction 

T h i s  research project i s  being conducted as an investigation in to  the feas i -  
b i l i t y  of underground ( in - s i tu )  coal gas i f ica t ion  in the Warrior Coalfield of 
Alabama. I t  i s  sponsored by the National Science Foundation and i s  being carried 
o u t  by the Mechanical, Chemical, and Eineral Engineering Programs of The University 
of Alabama i n  cooperation w i t h  the  Geological Survey of Alabama. The Warrior 
Coalfield i s  the la rges t  and most productive of the coa l f ie lds  of the s t a t e .  
addition t o  the seams t h a t  a r e  now being stripped o r  deep mined, there are numerous 
t h i n  seams less  than 100 cm. in thickness which cannot economically be recovered by 
conventional technology. 
610 meters b u t  recent deep disposal well d r i l l i n g  shows coal a t  1370 meters. This 
suggests the  presence of additional coal seams between these depths tha t  cannot be 
economically mined b u t  may have potential  f o r  production by in - s i tu  gas i f ica t ion .  

Laboratory Investigations 

Several problems present themselves when one attempts t o  gasify th in  seams of 
bituminous coal in -s i tu  tha t  a r e  not evident f o r  thick seams of lower rank coals.  
Eastern bituminous coals a r e  largely swelling coals,  a property which causes l inking 
paths t o  swell short  closing of f  a i r  passages which a re  necessary f o r  continuation 
of the gasification process. 
ing s t r a t a  may cause serious problems in  the economical gas i f ica t ion  of t h in  seams. 
For these reasons i t  was decided t h a t  extensive laboratory and analysis work would 
be necessary before any f i e l d  combustion t e s t s  would be feas ib le .  

Laboratory t e s t s  to  date have been conducted in  a combustor shown in Figure 1 .  
T h i s  combustor i s  designed t o  allow both forward and reverse combustion and the re- 
s u l t s  of any par t icu lar  run can be examined without disturbing the combustion resi- 
due. Instrumentation ports a r e  ava i lab le  fo r  thermocouple and gas sampling probes. 

Early runs on so l id  blocks of coal were car r ied  out w i t h  a s ing le  central  crack 
b e i n g  provided f o r  linkage between i n l e t  and ou t l e t .  Since i t  i s  expected tha t  ac- 
tual l i n k i n g  in the f i e l d  will  be done by hydraulic f rac tur ing ,  resu l t ing  in narrow 
ver t ica l  cracks, such a model f o r  the laboratory combustor seems reasonable. For- 
ward combustion runs in the combustor ver i f ied  t h a t  crack closure occurs due to 
coal swelllng and, in addition, to  t a r  condensation in the  crack. Reverse combus- 
t ion ,  on the other hand, proceeds qui te  s a t i s f a c t o r i l y  and a typical r e s u l t  of re- 
verse combustion i s  shown in  Figure 2.  
ern bituminous coal i t  seems t h a t  additional l inking by reverse b u r n i n g  wi l l  be 

I n  

A t  present,  the deepest underground mine i n  Alabama i s  

Further, i t  i s  suspected tha t  heat losses t o  surround- 

I 

Due t o  the physical properties o f  the eas t -  
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necessary before a forward gas i f ica t ion  process can take place. 
i s ,  therefore,  presently being p u t  on reverse l inking procedures. 

ra tes  and produced r e su l t s  s imi la r  t o  those shown i n  Figure 2. 
gion behind the thin carbonized zone i s  probably due to  excess oxygen reacting with 
the carbon resu l t ing  i n  complete combustion. Since the objective of the l ink ing  
process i s  to  produce a carbonized zone which can then be gas i f ied  i n  the forward 
mode, i t  i s  important t h a t  the proper a i r  flow be provided as t h a t  complete combus- 
t i o n  i s  avoided. Further, the f eas ib i l i t y  of the process will depend t o  a la rge  
extent on the radial  extent of the carbonized zone and, since th in  seams a re  being 
considered, heat losses to  the surrounding s t r a t a  wi l l  be important. 

Primary concern 

Early reverse combustion runs i n  the laboratory were made with h i g h  a i r  flow 
The burned-out re- 

The approach to  analyzing the reverse linking process will  be two-fold. First, 
experiments in the laboratory combustor a r e  currently being conducted t o  determi ne 
the re la t ion  between crack s i ze ,  a i r  flow r a t e  and  the  extent of carbonization. 
Dur ing  these experiments, measurements of temperature prof i les  w i t h i n  the coal a r e  
being made t o  provide estimates of temperature gradients.  Past experiments have 
shown the  gradients to  be very steep so t h a t  coal within a few centimeters o f  the 
combustion zone shows l i t t l e  o r  no temperature r i s e .  Secondly, a two-dimensional 
f i n i t e  element heat conduction model is being adapted f o r  use w i t h  the laboratory 
combustor. 
pe l lan t  rocket motors, can be used f o r  thermally anisotropic,  non-homogeneous bodies 
of complex geometry. The method of application will  be t o  apply the  model o f  Figure 
3. Although the two-dimensional model wi l l  not s t r i c t l y  describe the three- 
dimensional case, i t  should provide some ins ight  in to  the advance of the combustion 
zone. For example, when the program i s  applied to  the model of Figure 3(a)  i t  pre- 
d i c t s  isotherms as shown in  Figure 4. Plans a r e  to  proceed stepwise in to  the coal 
moving the flame f ront  and changing the boundary conditions a s  indicated by pyrol- 
y s i s  and air-flow experiments. The reasoning is t h a t  a portion of the heat t h a t  i s  
produced by combustion is conducted in to  the coal seam ra is ing  i t s  temperature t h u s  
pyrolyzing the coal a t  some distance ahead of the flame f ront .  Further combustion 
occurs as  a reaction between the pyrolysis products and a i r  which has passed through 
the char t o  the reaction zone. 

Laboratory pyrolysis experiments a re  presently being conducted to  determine the 

This program, writ ten by Rohm and Haas Company f o r  use w i t h  so l id  pro-  

l 

z %  

ra tes  a t  which various products a re  generated a t  d i f f e ren t  temperatures. The re- 
s u l t s  of these pyrolysis experiments wi l l  be reported in a separate paper. The 
method of analysis will  be to attempt to couple the combustion of the pyrolysis 
products and the result ing heat release with the conduction of heat in to  the  coal 
and the consequent fur ther  pyrolysis. The f i n i t e  element model allows a s p a t i a l l y  
variable boundary condition which will  aid in this type of analysis.  Actually, 
e i t h e r  of three boundary conditions may be used a t  the combustion f ront .  
constant temperature boundary, convection boundary, and constant heat f l ux  boundary. 
Which of the three i s  t o  be used will depend on data obtained from t h i s  combustor 
and experience w i t h  the program. Since the oxygen supply will  be g rea t e s t  a t  the  
junction of the crack and the flame f ront ,  i t  is  expected tha t  this  will  be the re- 
gion of g rea t e s t  reaction and therefore the zone of f a s t e s t  advance of the f ron t .  
T h u s ,  the hypothesis i s  t h a t  the carbonized zone wi l l  elongate as the pyrolysis re- 
actions proceed and the question o f  i n t e r e s t  becomes one of predicting the rad ia l  
extent of the zone. Of course, multiple cracks wi l l  be present i n  the  f i e l d  case 

I These a r e  
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but s ing le  cracks a re  considered here f o r  ana lys i s  purposes. This method of anal- 
y s i s  i s  expected to y i e ld  information on both r a t e  and extent of the carbonization 
process a s  well as heat losses t o  the surrounding s t r a t a .  The economics as well as 
as  technical f e a s i b i l i t y  of the  ult imate gas i f ica t ion  process will  depend in  la rge  
pa r t  on the  reverse l inking process and our a b i l i t y  t o  pred ic t  i t s  path and extent.  
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UNDERGROUND COAL GASIFICATION FIELD TEST IN ALBERTA - 1976 

A.A. Roehl, R.A.S. Brown and E.J. Jensen 

Alberta Research Council, Edmonton, Alberta, Canada 

INTRODUCTION 

Coal gasification i s  the processing of a solid fuel - coal - to generate a gaseous 
fuel. This has been practiced for many years in above-ground gasifiers using mined coal. The 
process involves primarily the reoction of the carbon in  coal with water to generate hydrogen 
and carbon monoxide. Heat required to make this endothermic reaction proceed is  provided by 
combustion of a portion of the coal. 
ysis products of coal. 

By-products of the reactions are carbon dioxide and pyrol- 

In underground coal gasification (UCG) the reactions are carried out in the coal seam. 
In early applications mined channels were used for communication between the coal seam and 
the surface and within the coal seam. Technology now i s  based on channels created from the 
surface by directional dr i l l ing or by linking vertically drilled wells. 

In the Canadian context, UCG is viewed as a method o f  recovering energy from coal 
resources which for economic or mining reasons l ie  outside the current l im i ts  of mining technol- 
ogy. In particular it should be applicable to very deep coal deposits or to deposits vrhich in- 
clude substantial amounts of non-combustible mineral matter and are not amenable to conven- 
tional mining. 

The test described in the present paper dates back to a meeting held in the spring of 
1975 at which the Alberta Research Council presented tentative plans for a UCG field test to 
representatives of interested companies. Response of the companies to the ARC proposal was 
favourable and over the following months more detailed plans for a field test were drawn up 
culminating in  a meeting held in early February 1976 at  which the companies agreed to pro- 
ceed with the test and to provide part of the funds for it. 

Following evaluation of a number of test sites, the Research Council decided upon a 
site located south of Forestburg, Alberta (about 120 miles southeast of Edmonton - see Figure 1) 
at the Vesta Mine of Manalto Coal Ltd. 
following paragraphs. 
jectives: 

(a) 

(b) 

(c) 

A detailed description of the test w i l l  be given in the 
The test took place during the summer of 1976 with the following ob- 

to better evaluate and understand current technological methods in underground coal 
gasification; 

to demonstrate the feasibility of those technological methods in a Canadian context; 

to demonstrate that gas with a low Btu content (a heating value of 100-200 Btu's/SCF) 
can be produced on a sustained basis; and 

to  make a preliminary and basic assessment o f  the factors pertaining to the environment 
that may be affected by an underground coal gasification test. 

(d) 

Contribution No. 797 from the Alberta Research Council. 
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TEST SITE 

1 ~ Geological Description 

The coal seam in  which the test took place i s  i n  the Cretaceous, Horseshoe Canyon 
formation and located in  the Battle River Coal field. The coal underlies 60 feet of overburden 
and is  immediately overlain by a bentonitic shale. The major fracture direction in the coal is  
53O E of N while the minor fracture is at right angles to this at 143" E of N. Water pump 
tests indicated that the permeability of the coal was sufficiently g,eat that preliminary fractur- 
ing would not be required. 

Throughout the area of the tes t  site, the coal is  present as about 10 feet of  coal in a 12 
foot seam. There is a hard, continuous shale parting about two feet from the floor of  the seam 
and a soft parting about two feet from the top of the scam. Two water pump tests were carried 
out to evaluate the directional permeabilities of the coal seam, one in October, 1975, and 
the other in  April, 1976. 
was 53' E of N. 

In planning the test pattern, the major permeability direction used 

The coal in  the seam i s  subbituminous. Table 1 contains the proximate and ultimate 
analyses of the coal as wel l  as i t s  calorific value. The water level at the test site (i.e. piezo- 
metric height) prior to the test was approximately 8 feet above the top of the coal. Dr i l l ing 
indicated that the water source was located towards the lower portion of  the coal seam. 

TABLE 1 

Coal Analysis *% 

Dry 
Ash Free 

Basis 
Proximate 

Moisture 
Ash 
Volati le Matter 
Fixed Carbon 

44.9 
55; 1 

Ultimate 

Moisture 
Ash 
Carbon 
Hydrogen 
Sulfur 
Nitrogen 
Oxygen 

Calorific Value (Btu/lb.) 

Capac i ty 
Moisture 

Basis 

21.5 
23.9 
24.5 
30.1 

21.5 
23.9 
40.3 73.8 

2.7 5.0 
0.4 0.8 
0.8 1.4 

10.4 19.0 

6820 12490 

* Composite o f  samples from vertical water test we l l  through coal seam. 
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2. Test Plan 

The test  planned for the Forestburg s i te  was, as the objectives indicate, limited in 
scope. A rectangular well  pattern was dri l led to define an area 60 feet by 30 feet, the 60 
foot side being in the direction of the major permeability. The test plan involved linking 
and gasifying the two shorter ends o f  the pattern in succession, then attempting a ' l ine drive' 
of one of the linked sections towards the other. 
ing gasification front which should ut i l ize most of the coal in the given area. 

In principle, this should create a long sweep- 

Linking of the wells was to be carried out by reverse combustion which was demon- 
strated successfully in UCG tests at Hanna, Wyoming. 
linked zones were to b e  carried out i n  the forward combustion mode. 

The line drive and gasification of the 

The effect o f  UCG on the groundwater was to b e  monitored by chemical analysis of 
Piezometric heights samples taken prior to, during, and subsequent to the gasification test. 

were also to be monitored for possible changes. 

To detect movements of the ground a t  the test s i t e  which might be caused by subsidence 
in the reaction zone, monuments were placed inside and outside the test pattern as shown in 
Figure 2 and surveyed to provide base data far subsequent surveys during and after the test. 

3. Phyica l  Installation 

(a) Flow System 

The site plan i s  shown in  Figure 2. The air was supplied from the blower and compres- 
sor bank or from a portable compressor. 
that air could be fed to  any well  and product gas directed from any other well  to the flare 
stack. The product gas passed through a knock-out drum upstream of the flare stack to remove 
tars and entrained water. 

Surface piping was provided as shown i:i Figure 3 so 

Gasification wells 1 through 4 were cased and grouted with high temperature grout. 
Figure 4 shows the method of completing and cementing the wells. Wells 2 and 4 were grouted 
to the lower part of the seam while wells 1 and 3 were grouted about midway intn the coal 
seam. These wells were cased well  into the coal seam to counteract gravity override during 
l inking and gasification. 

(b) Instrument System 

In addition to the gasification wells, a series o f  instrumentation wells were drilled 
within the test pattern. These are shown in Figure 5 as series 1 s  through 5's and series lo 
through 40. 

The 's' series of wells (sampling wells) contained a 1 inch steel pipe far gas sampling 
and as a support for thermocouples in and above the coal seam as shown in  Figure 4. Within 
the coal seam the sample pipe was perforated. High temperature grout was used to seal and 
anchor the sampling l i ne  within the overburden. 

The '0' series of wells (overburden wells) contained thermocouples located from one to 
two feet above the top of the coal seam to monitor the penetration of heat into the overburden. 

These were also to assist in locating the gasification front during the l ine drive phase of the 
experiments. 
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Gas samples were taken from the production wells and gas sampling wells, passed 
through knock-out pots to remove tar and liquid water and then through lead lines for analysis 
in a gas chromatograph system located in the control trailer. 
fibre filters immediately outside the trailer to remove the additional tar and water which con- 
densed during cooling of the gas samples. 

Sample gas was passed through 

Thermocouples were connected to a scanner in the center of the test pattern which in 
turn was connected to the data logger and computer system for data storage and recording. The 
complete data collection and processing flow diagram i s  shown in  Figure 6. 

Sequencing of the recording of operating data was carried out by a PDP-8M computer 
having a dual DEC tape system. A teletype copy of the data was generated for the operator 
and the data stored on magnetic tape for future analysis. Same of the data were plotted by 
computer to provide a guide for operators during the test. 

FIELD TEST OPERATION 

Prior to gasification, it i s  necessary to dry out part of the coal seam and to establish 
communication within the seam so that air can be circulated. 
Forestburg tests by flowing air through the seam between wells 3 and 4 for a number o f  days. 
Reverse combustion linking of the 3-4 segment was started August 19th with injection of air 
and insertion of an electric heater into well  3. The combustion was established in wel l  3 
within three hours and air injection was then switched to carry out the reverse combustion 
linking stage. The link wos completed between wells 3 and 4 by injecting air successively 
into wells 4s, 55, 6s and 4. 
ceeded unti l  carbon dioxide and oxygen levels in the product gas from well  3 indicated that 
the gasification zone hod reached the production well. A t  this stage the gasification test  in 
the 3-4 zone was terminated and water injected to extinguish the f ire prior to commencing 
operation in  the 1-2 zone. 

This was carried out in the 

Following completion of the link, forward mode gasification pro- 

Comparative resulis from the gasification stage are shown in Figure 7. The volume of 
gas produced was less than twice the injected air while heating value of the gas produced 
ranged from 110 to 150 Btu's/SCF. 
that about 160 tons of coal were consumed. 

During the gasification of the 3-4 zone, it i s  estimated 

Gasification of the section between wells 1 and 2 was started with ignition in well 1 .  

During the linking 
Following ignition a similar procedure to that followed in the previous link was carried out: 
that is, the link was made to well 1 successively from wells Is ,  2s and 3s. 
stages up to well  3s i t  was noticed that the linking was more sensitive to variations in  the in- 
jected pressure and flowrate than it had been in the 3-4 link, and i t  seemed that relatively 
small changes in flowrate would cause a change to forward gasification between the injection 
well and well  1. 

When the link had been completed to 35, i t  was not possible to get communication to  
well 2. 
lem and did in  fact increase the air acceptance of well 2. The link was never, however, 
completed to the stage that sufficient air could be injected to satisfactorily carry out forward 
gasification of the 1-2 zone. 

Perforation of the lower 3 feet of well  2 was carried out to try to alleviate this prob- 

At this stage i t  was decided to abandon gasification in  the 1-2 zone and to attempt to 
link directly to the gasified zone between wells 3 and 4. Accordingly, injection was contin- 
ued into well  2 and also into well  1 with production from wells 3 and 4; that is, a forward 
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combustion l ink was attempted between zones 1-2 and 3-4. Communication was established 
quite rapidly with well 3 and there was indication from the thermocouples in well  7s that the 
reaction had passed by this area. A t  this stage in the test, however, lateral gas leakage be- 
came excessive and product gas was detected in wells beyond the test pattern. In an attempt 
to l imit the loss of product gas to the formation, injection was switched to wells 3 and 4 with 
production from wells 1 and 2. Product gas continued to be detected outside the l imi t s  of the 
test pattern and the test wos terminated. 

POST BURN INVESTIGATION 

One of the advantages of carrying out the Forestburg test in o shallow coal seam i s  
that the post burn investigations of the gasified zone within the seam can be made more easily 
and a t  lower cost. While detailed plans for this post burn investigation are not finalized, 
several possibilities have been considered and a tentative decision made on the procedure to 
be followed. 

One of the difficulties in evaluating the suitability of a particular coal deposit for 
underground gasification i s  the estimation of the utilization of coal within a given area. From 
previous work i t  is  known that gravity has an influence on the coal utilizotion as the gasifica- 
tion zone tends to rise towards the top o f  the seam. 
holes for this test were dri l led well  into the coal seom. One of the more important and unique 
investigations in a post burn study of the gasified area would be to measure the degree of 
utilization of the coal for known conditions of air injection and gas production. Inspection of 
the boundary of the gasified zone would yield a better appreciation of the mechanism of the 
gasification process as shown by the separation of combustion and pyrolysis zones. Another 
factor of interest in post burn studies would be the subsidence of overlying formotions into the 
gasified zone. lnformaiion of this kind i s  not available at present and cannot be deducd  from 
subsidence studies of areas developed by underground cool mining since the overburden in that 
case, while dried out to some extent, is not subjected to temperatures as high as those en- 
countered during gasification of coal. 

For this reason production and injection 

Post burn inspection o f  the gasification area requires mining or excavation of the 
seam or insertion of remote sensing equipment into the gasified zone. 
are noted below. 

Some of the possibilities 

The most promising method of post burn evaluation for a shallow site and the method 
for which detailed plans are now being developed for the Forestburg test site is excavation by 
strip mining techniques. This entails removal of overburden down to a few feet above the top 
of the coal seam followed by more careful mining of the gasified zone. 
scrapers could be used for the init ial  stripping although 'the dragline has some advantage if 
subsidence is  anticipated. 

Either dragline or 

Underground mining of the gasified zone has been considered but was ruled out because 
of safety considerations. 
unwarranted hazard to personnel working underground. 

Residual highly toxic gas from the gasification process would be an 

Coring through the gasified zone was tried in the earlier Hanna tests. It i s  difficult, 
however, to dri l l  into a gasified area without destroying the structure left  by the gasification. 
Coring is useful for indicating the degree of heat penetration into the formations overlying 
and underlying the gasified zone provided that cores can be recovered. 
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An init ial ly attractive method would be to suspend a remotely controllable movie 
camera, television camera or sonar device in the gasified zone. The zone can then be scanned 
by the remote device through a single borehole. The success of this method is dependent upon 
the presence of a well  defined cavity. This is not l ikely to exist in  this case. 

SUMMARY 

It i s  di f f icult  to determine at the moment the differences between the gasification tests 
in zones 3-4 and 1-2. One obvious difference i s  that water avoilobility was greater during 
the init ial  link and gasification in the 3-4 zone. Subsequent to gasification in  the 3-4 zone, 
water levels throughout the pattern were lowered (up to 12 feet at the gasification wells). 
This decrease of water avai labi l i ty very l ikely had a marked influence on the lateral gas leak- 
age noted during linking in  the 1-2 zone. 

The test  did show that fuel gas having a heating value greater than 100 Btu/SCF can 
be produced from a shallow coal seam and that vertical containment i s  possible even at depths 
as shallow as 60 feet. More detailed evaluation of the test  must await the analysis of a l l  o f  
the operating data and the results of the groundwater testing and site monitoring programs. 
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POTENTL4L FOR UNDERGROUND COAL GASIFICATION I N  THE SOUTHWEST 

E. A. Walters and H. E. N u t t a l l  

Departments of Chemistry and Nuclear and Chemical Engineering 

Univers i ty  o f  New Mexico, Albuquerque, New Mexico 87131 

INTRODUCTION 

I n  occas iona l  outcroppings and beneath the  su r face  of t he  high p l a t eaus  and 
j u s t  w e s t  o f  the  southern  Rocky Mountains are l a r g e  depos i t s  of sub-bituminous 
coals. These coa ls  were formed i n  t h e  e s t u a r i e s ,  swamps, and lagoons at t h e  edges 
of t h e  ex tens ive  ep icon t inen ta l  s ea  of  t h e  Late Cretaceous Period. Many mi l l i ons  
of tons  of t h i s  c o a l  l i e  s t r i p p a b l e d e p t h s  (overburden i s  l e s s  than 250 f e e t ) ,  bu t  
perhaps 90% of t h e  t o t a l  depos i t s  l i e  deeper.  
be  tapped i f  underground g a s i f i c a t i o n  proves f eas ib l e .  In t h i s  paper t h e  ques t ion  
of t h e  s u i t a b i l i t y  of Southwestern coa l s  f o r  underground g a s i f i c a t i o n  i s  examined. 

These deposits w i l l  probably only 

COAL RESERVES 

The coa l  f i e l d s  of t h e  United S t a t e s  are shown on the  map i n  Figure 1. Of the  
sub-bituminous bas ins  i n  t h e  Southwest t h e  l a r g e s t  and most ex tens ive  i s  t h e  San 
Juan Basin loca ted  i n  northwestern New Mexico. This study focuses a t t e n t i o n  s o l e l y  
on t h e  San Juan Basin. The San Juan Basin i s  somewhat a r b i t r a r i l y  subdivided i n t o  
19 sepa ra t e  coal f i e l d s  or coa l  a r e a s ,  Figure 2. The general  o r i e n t a t i o n  of t h e  
f i e l d s  i s  an  exposure of  coa l  seams on the  western edges a t  e l eva t ions  of  7,000 o r  
more f e e t  above sea l e v e l  d ipping  gen t ly  bu t  s t e a d i l y  t o  the  e a s t  a t  an  i n c l i n e  of  
2 t o  6 degrees. A t  t h e  e a s t e r n  ex t r emi t i e s  t h e  lowest Cretaceous beds l i e  some 
2,000 f e e t  below sea l e v e l .  

S t r a t i g r a p h i c a l l y  t h e  depos i t s  a r e  very  complex. The coa l  beds a r e  h ighly  
l e n t i c u l a r ,  a consequence of  t h e i r  formation from pea ts  a t  t h e  edges of Cretaceous 
swamps o r  e s tua r i e s .  The l enses  tend  t o  be  long  and narrow and r e f l e c t i n g  t h e  
i r r e g u l a r  shape of  Nesozoic cos t l i nes .  Lengths vary from 1 t o  30 miles and widths 
from 1 /2  t o  5 miles.  A t  t h e i r  t h i c k e s t  t h e  l enses  r a r e l y  exceed 1 2  f e e t ,  though 
i s o l a t e d  examples o f  seams as t h i c k  a s  22 f e e t  are known, and t h e  most common thick- 
n e s s  a r e  between 3 and 6 f e e t .  Lenses are s tacked  one above t h e  next so t h a t  
gene ra l ly  t h e  t h i n  po r t ion  of one o v e r l i e s  a th i cke r  sec t ion  of one beneath it. The 
depos i t  between seams is  a wide v a r i e t y  of c o a s t a l  sedimentary rocks ,  f o r  example 
sands tones ,  sha l e s ,  s i l t s t o n e s ,  and l imestones.  Seams themselves a r e  f requent ly  
i n f i l t r a t e d  with f i n e  l a y e r s  of  c l ays  or o the r  sedimentary depos i t s .  In t e r spe r sed  
between t h e  major l enses  a r e  numerous t h i n  seams of  coal.  Detailed s t r a t ig raphy  
varies d r a s t i c a l l y  from s i te  t o  s i t e  and i s  known w e l l  only f o r  a few loca t ions .  
The fundamental geologic s t r u c t u r e  i s  simple,  however, and the  bas in  i s  genera l ly  
f r e e  from f a u l t s  (1,2,3).  

The coa l s  of  t h e  San Juan Basin cons i s t en t ly  f a l l  i n t o  t h e  range of  sub- 
bituminous A or B i n  t h e  deepes t  beds t o  h igh-vola t i le  C or B bituminous nonaggls- 
mera t ing  coa ls  near  t he  su r face  (2).  In t h i s  r e spec t  and wi th  regard t o  the  low 
s u l f u r  content (genera l ly  less than 1% of which h a l f  i s  typ ica l ly  organic  s u l f u r )  
these c o a l s  are s u i t a b l e  f o r  g a s i f i c a t i o n .  

The Southwest i s  a semi-arid reg ion;  annual p rec ip i t a t ion  i n  t h e  coa l  bas in  
is 4-6 inches.  
Juan  River i t s e l f  which rises i n  southern  Cclorado and crosses  t h e  northwest t i p  of 
t h e  coa l  bas in  before  cont inuing  westward t o  t h e  Colorado River. I n  t h e  coa l  bear- 
i n g  areas only normally-dry a r royos  feed t h e  San Juan River. 

The only perennia l  stream i n  t h e  e n t i r e  San Juan Basin i s  t h e  San 

The ar idness  c a r r i e s  
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over  t o  the  c o a l s  which a t  s t r i p p a b l e  l e v e l s  have moisture conten ts  t h a t  average 
in t h e  12-15% range (3). 
t h e  f i r s t  aqu i f e r s  l i e  about 1200 f e e t  below ground sur face .  This water is of 
very  low q u a l i t y ,  bu t  it is usable  f o r  l i ves tock  watering. 
b u t  l a r g e l y  unconfirmed r e p o r t s  of sporadic  a r t e s i a n  a c t i v i t y  i n  the  basin.  How- 
ever, movement o f  ground water i n  t h e  v i c i n i t y  of nos t  of the  seams is r e s t r i c t e d  
t o  a few f e e t  pe r  year .  

There a r e  no important aqu i f e r s  a t  s t r i p  mining depths, 

There a r e  p e r s i s t e n t  

There is coa l  a t  vary ing  depths throughout t h e  bas in  a s  pointed ou t  above. 
The amount l y i n g  v i t h i n  250 f e e t  of t he  su r face  i s  estimated t o  be 5.97 b i l l i o n  
tons  (4). That l y i n g  between 250 f e e t  and 3000 f e e t  is estimated t o  be 122 b i l -  
lion tons  while t h e  amount s t i l l  deeper is expected t o  be approximately double 
t h a t  amount (3,5). It is evident  t h a t  i n  excess of  90% of the  San Juan coa l  lies 
i n  deep seams. 

The e n t i r e  bas in  lies i n  a region of  low population dens i ty  and possess minimal 
a g r i c u l t u r a l  value.  The l a t t e r  f ea tu re  can be i l l u s t r a t e d  by the  computation that  
the l ives tock  ca r ry ing  capac i ty  of t h e  western por t ions  of the  bas in  is about one 
a d u l t  sheep per  55 a c r e s  (3). 
more than seven people pe r  square  mile;  t h i s  f i g u r e  inc ludes  seve ra l  s i z a b l e  mnnci- 
c i p a l i t i e s ,  so t h e  popula t ion  dens i ty  of t h e  vas t  open a reas  of  t h e  bas in  is very 
low indeed. 

The population dens i ty  of t h e  region is  s l i g h t l y  

GASIFICATION PROPERTIES OF SAN JUAN COAL 

Severa l  p r o p e r t i e s  of N e w  Mexico's San Juan coa l  have been inves t iga t ed  and 
compared t o  Wyoming sub-bituminous coa l  i n  which successfu l  i n  s i t u  gas i f i ca t ion  
tests have r ecen t  been performed by the  Laramie Energy Research Center. 
t o  chemical a n a l y s i s ,  t h e  p rope r t i e s  compared a r e  permeabi l i ty ,  t he  ex ten t  of frac- 
t u r i n g  during py ro lys i s  and t h e  apparent d e v o l a t i l i z a t i o n  r a t e s .  

I n  addi t ion  

As a f i r s t  cons ide ra t ion  i n  comparing New Mexico's San Juan and Wyoming's 
Hanna sub-bituminous c o a l ,  t h e  chemical ana lys i s  and hea t ing  values of  deep seam 
c o a l s  from both l o c a t i o n s  a r e  very similar a s  shown i n  Table 1. San Juan coa l ,  
however, did e x h i b i t  a lower moisture content but t h i s  f ac to r  tends t o  vary widely 
depending upon sample handling. 

Coal permeabi l i ty  is an important parameter f o r  t h e  i n  s i t u  process. 
sub-bituminous c o a l s  t y p i c a l l y  d i sp l ay  moderate permeabili ty upon drying. 
a x i a l  permeabi l i ty  of New Mexico's sub-bituminous coa l  was experimentally and the 
r e s u l t i n g  values a r e  presented  i n  Table 11. The measured permeabi l i t i es  f o r  dry 
samples compare favorably  t o  va lues  repor ted  by Rozsa (6) for Wyoming Wyodak coal 
and t o  values published by Schr ider ,  et. a l . ,  (7 )  f o r  Hanna, Wyoming sub-bituminous 
coa l .  The n i t rogen  pe rmeab i l i t i e s  were i n  the  range of 1 t o  5 darc i e s  f o r  coa ls  
from a l l  t hese  sources .  This r a t h e r  high n a t u r a l  permeabili ty of sub-bituminous 
c o a l s  seems t o  r e s u l t  from cracks  and f i s s u r e s  exposed during dehydration of the  
coa ls .  

Western 
The 

Devo la t i l i za t ion  s t u d i e s  of San Juan coa l  have been performed r ecen t ly  and 
t h e  r e s u l t s  compared t o  Wyoming sub-bituminous coa ls .  Coal d e v o l a t i l i z a t i o n  r a t e s  
w e r e  determined by measuring the  weight and product gas composition h i s t o r y  of one 
inch  diameter coa l  p a r t i c l e s .  The s i n g l e  p a r t i c l e  r eac to r  and system a r e  shown i n  
F igure  3. The r e a c t o r  and its opera t ion  have been described elsewhere (8). Br ie f ly ,  
t h e  sample is placed i n  a baske t  suspended from a load cell  which is i n t e r f aced  t o  
a PDP-11 computer s i g n a l  f o r  da t a  s torage .  
des i r ed  temperature through a f l u i d  hea te r .  Thermocouples and pressure  transducers 
l oca t ed  a t  var ious  p o i n t s  a r e  a l s o  in t e r f aced  with the  computer so continuous temp- 
e r a t u r e  and p res su re  recorded is maintained. 
c o l l e c t e d  and then  analyzed e i t h e r  on a mass spectrometer o r  a gas chromatograph. 

Ca r r i e r  gas is introduced a t  t he  

Product gases were sampled and 
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From these  s t u d i e s  two f a c t o r s  r e l a t i n g  t o  coa l  r e a c t i v i t y  were observed. 
from examining s p e c i a l l y  prepared and cross-sectioned samples of pyrolyzed pa r t i -  
cles, an ex tens ive  network of f i s s u r e s  and cracks was observed. S imi la r  i n t e r n a l  
f i s s u r i n g  was a l s o  repor ted  by Campbell (9) f o r  Wyoming sub-bituminous coal .  He 
found i n t e r n a l  su r f ace  a r e a  increased  from 4 t o  200 m2/g during pyro lys i s  of t h e  
coa l .  The observed immense inc rease  in  i n t e r n a l  p a r t i c l e  su r face  a rea  accounts 
in p a r t  f o r  t he  high r e a c t i v i t y  of western sub-bituminous coals.  
genera l ly  exh ib i t  l a r g e  su r face  a rea  increases  upon devo la t i l i za t ion .  

F i r s t  

Shrinking coa ls  

The d e v o l a t i l i z a t i o n  r a t e  of San Juan coa l  has a l s o  been measured by using 
weight da t a  obtained from the  s i n g l e  p a r t i c l e  r eac to r  mentioned previously (10). 
Comparison da ta  but  f o r  smaller coa l  p a r t i c l e s  has a l s o  been taken using Wyoming 
coa ls .  
za t ion  r a t e s .  

Both San Juan and Wyoming sub-bituminous coa l s  exh ib i t  s imi l a r  d e v o l a t i l i -  

From these  pre l iminary  labora tory  comparisons of San Juan and Wyoming coa ls ,  i t  
appears t h a t  New Mexico's sub-bituminous coa l  behaves i n  a similar manner t o  t h e  
Wyoming coa l s  which have r ecen t ly  been success fu l ly  gas i f i ed  underground. 

OTHER FACTORS INFLUENCING IMPLEMENTATION OF 
UNDERGROUND GASIFICATION I N  THE SOUTHWEST 

I n  add i t ion  t o  ques t ions  about coa l  r e a c t i v i t y ,  seam s t r u c t u r e  and s t r a t i g r a -  
phy, and q u a n t i t i e s  of reserves, seve ra l  o the r  f ac to r s  a r e  important i n  determining 
the  l i ke l ihood  of t h e  a c t u a l  implementation of underground gas i f i ca t ion  i n  the  
Southwest. F i r s t ,  t h e r e  a r e  environmental cons idera t ions .  Su l fu r  content of t hese  
coa l s  i s  low and approximately ha l f  of i t  is organic  s u l f u r ,  s o  problems a r i s i n g  
from t h i s  element w i l l  be minimal. 
no t  be a problem because the  land has l i t t l e  a e s t h e t i c  value and cu r ren t ly  has no 
a g r i c u l t u r a l  va lue  except f o r  low dens i ty  support  of c a t t l e  or  sheep. The impact 
on ground w a t e r  i s  l e s s  c l e a r .  There a r e  aqu i f e r s  i n  the  region, but most of t hese  
a re-deep  and migration of water t o  them from g a s i f i c a t i o n  res idue  is unlikely.  
g a s i f i c a t i o n  i s  conducted below the  known aqu i fe r s  then mechanisms e x i s t  f o r  con- 
tamination of t h e  water.  
t h a t  must be addressed soon. 

Subsidence is very l i k e l y  t o  occur but  it should 

I f  

J u s t  how se r ious  t h i s  might be i s  an unanswered ques t ion  

Secondly, g a s i f i c a t i o n  of coa l  wi th  such a cons i s t en t ly  low moisture content 
Water plays a minimal r o l e  i n  the  i n i t i a l  d e v o l a t i l i -  

I n  t h e  Hanna tests the re  have always been 

has not been w e l l  s tud ied .  
za t ion  bu t  can be c r u c i a l  i n  determining t h e  na tu re  of the  product gas of the  
h igher  temperature g a s i f i c a t i o n  phase. 
r a t h e r  l a r g e  q u a n t i t i e s  of moisture i n  t h e  r eac t ion  zone which can lead t o  a 
reduct ive  r eac t ion  wi th  coa l .  This w i l l  genera l ly  not  be a p o s s i b i l i t y  i n  the  San 
Juan Basin. 

Next, t he  southern and western por t ions  of t h e  country a r e  those t h a t  a r e  

Southwestern coa l  i s  the  c l o s e s t  
growing most r ap id ly ,  and ranking high among these  a r e  the  a reas  around Phoenix 
and Tucson p lus  much of southern  Cal i forn ia .  
sources  of f o s s i l  energy a v a i l a b l e  f o r  t he  generation of e l e c t r i c a l  power demanded 
by these  centers .  Consequently, i t  i s  very l i k e l y  the  Southwestern coa l  w i l l  be 
consumed a t  ever  i nc reas ing  r a t e s  t o  meet an expanding reg iona l  demand f o r  elec- 
t r i c a l  power. 

In t h e  southwestern reg ion  a number of  l a r g e  power p l an t s  a r e  present ly  opera t -  
ing  on s t r i p  mined coa l .  A s  an example, t h e  Four Corners Complex f o r  e l e c t r i c a l  
genera t ion  is fed by the  Navajo mine which i s  the  l a r g e s t  coa l  mine i n  terms of 
production i n  the  United S t a t e s .  The cu r ren t  production r a t e  is approximately 7 
mi l l i on  tons per  year. A l l  of t h i s  coa l  i s  used t o  generate 2,100 megawatts of 
e l e c t r i c a l  power. The Four Corners Complex is  a j o i n t l y  owned en te rp r i se  i n  
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which 48% of t h e  power goes t o  Southern Ca l i fo rn ia  Edison, 15% t o  Arizona Publ ic  
Servicd Co., 13% t o  Pub l i c  Service Company o f  N e w  Mexico, 10% t o  S a l t  River Pro- 
ject and 7% each to  Tucson G a s  and E l e c t r i c  and E l  Paso Gas and E l e c t r i c .  Since 
t h e  d i s t r i b u t i o n  of power generated i n  the  San Juan Basin is  es t ab l i shed  and the  
demand is inc reas ing ,  t h i s  s e rves  a s  an incen t ive  f o r  t he  development of t h e  deep 
seam coa l  r e se rves  through underground g a s i f i c a t i o n .  

Last ly ,  t h e  p o t e n t i a l  market four  southwestern c o a l  is expanding not  only 
because more people i n  t h e  Southwest a r e  r equ i r ing  more e l e c t r i c a l  power, but  a l so  
because the n a t u r a l  gas  and o i l  suppl ied i n  t h e  region a r e  dwindling. Since an 
extensive p i p e l i n e  network runs from t h i s  region.  
generated by underground methods could r e a d i l y  be shipped t o  d i s t a n t  consumers. 
Recognition of t h i s  f a c t  has a l ready been a major i ncen t ive  f o r  proposed sufrace 
g a s i f i c a t i o n  f a c i l i t i e s  and could we l l  be a determining f ac to r  f o r  t h e  commerciali- 
z a t i o n  of underground g a s i f i c a t i o n  i n  t h e  Southwest. 

BTU gas and/or l i q u i d  f u e l s  

summary 

Laboratory s t u d i e s  of samples o f  San Juan (New Mexico) and Hanna (Wyoming) 
sub-bituminous coa l s  r e v e a l  s t r o n g  s i m i l a r i t i e s  i n  permeabi l i ty ,  d e v o l a t i l i z a t i o n  
r e a c t i v i t y ,  and f r a c t u r i n g  when subjected t o  simulated underground gas i f i ca t ion  
condi t ions.  
i n  a manner s i m i l a r  t o  Wyoming coal .  The seam and bed s t r u c t u r e s  a r e  v a s t l y  d i f -  
f e r e n t  i n  t h e  San Juan basin and t h e  l i m i t a t i o n s  imposed by t h i n ,  mult iple  seams 
t h a t  have low moisture content  a r e  n o t  c l e a r .  On t h e  o the r  hand, underground gasi- 
f i c a t i o n  i s  a v i a b l e  a l t e r n a t i v e  from t h e  po in t  of view of environmental and econo- 
mic considerat ions.  More d e t a i l e d  r e a c t i v i t y  s t u d i e s  of var ious coa l s  of t h e  basin 
and much more s t r a t i g r a p h i c  information followed by f i e l d  t e s t s  a r e  required before 
a d e f i n i t i v e  s ta tement  can be made about underground g a s i f i c a t i o n  i n  t h e  Southwest. 
What can be s a i d  now is t h a t  i nd ica t ions  a r e  mixed, bu t  tend t o  be pos i t i ve .  

The r e s u l t s  suggest  t h a t  San Juan bas in  coa l  can be expected t o  gasify 
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TABLE I 

Analys is  of San Juan and Wyoming Core Coals 

NM Core Wyoming Core 

Proximate Analysis 

% Moisture 3.22 
% Ash 4.06 
% Fixed Carbon 56.02 
% V o l a t i l e  Matter 39.92 

U l t i m a t e  Analys is  (Dry and ash-free bas i s )  

% Carbon 79.34 
% Hydrogen 5.34 
% Oxygen 12.60 
% Nitrogen 1.72 
X Sul fu r  0.45 

C a l o r i f i c  Value (Moisture f r e e ) ,  Btu lb-' 

13,801 

TABLE I1 

Permeabi l i ty  of San Juan Core Coal 

Gas Bo, darcys  

a i r  3.45 

3.66 

Ne 11.09 
N2 

7.82 
8.21 

49.57 
42.22 

73.68 
5.69 

18.22 
1.82 
0.60 

11,641 
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Figure 1 
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Figure 2 
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SCHEUATIC DIAGRAM OF COAL PARTICLE GASIFICATION REACTOR AND SUPPORTING EQUIPMENT. 

Figure 3 
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AN INVESTIGATION OF AROMATIC FRACTIONS FROM COAL TAR 
PRODUCED BY AN UNDERGROUND COAL GASIFICATION TEST 

S. B.  King, F. D. Guffey, and G. W.  Gardner 

Energy Research and Development Administration 
Laramie Energy Research Center 

P. 0. Box 3395, Univers i ty  S t a t i o n  
Laramie, Wyoming 82071 

INTRODUCTION 

A s  most people are w e l l  aware, t h e  ma jo r i ty  of f o s s i l  energy re- 
sources  i n  t h e  United States are i n  t h e  form of coa l .  Current estimates 
p lace  these  r e sources  a t  approximately 4 t r i l l i o n  s h o r t  tons  ( l ) ,  y e t  
on ly  10-25 percent  of t h i s  resource  i s  recoverable  us ing  present  day 
technology. 

The Energy Research and Development Adminis t ra t ion  i s  c u r r e n t l y  
funding s e v e r a l  p r o j e c t s  t o  develop t h e  technology of underground coa l  
g a s i f i c a t i o n .  The o b j e c t i v e  of t hese  p r o j e c t s  i s  t o  inc rease  t h e  t o t a l  
r e c o v e r a b i l i t y  of t h i s  v a s t  resource.  One of t hese  p r o j e c t s  i s  being 
conducted by t h e  Laramie Energy Research Center and i s  r e fe r r ed  t o  as 
t h e  l inked  v e r t i c a l  w e l l  (LVW) process.  This  process  is being developed 
a t  t h e  Hanna, Wyoming, f i e l d  s i te  and has  been under development s i n c e  
1972. 

The most r ecen t  test w a s  completed i n  t h e  summer of 1976. The 
r e s u l t s  showed a t o t a l  of 6700 tons  of c o a l  u t i l i z e d  and production 
rates up t o  1 2  MM scf /day  (2 ) .  The h ighes t  hea t ing  va lue  obta ined  f a r  a 
s u b s t a n t i a l  per iod  w a s  approximately 175 Btu /scf .  In a d d i t i o n  t o  t h i s  
low-Btu gas  an  organic  condensate w a s  produced. This  organic  condensate 
o r  coa l  t a r  comprised 1-14 percent  (by weight) of t h e  gas  stream. Its 
composition has  been s tudied  f o r  va r ious  reasons ,  no t  t h e  least of which 
is i t s  va lue  as a petrochemical feeds tock  o r  as a f u e l .  
s i d e r a t i o n  is i ts  poss ib l e  environmental  imp l i ca t ions  whether due to 
su r face  handling o r  e f f e c t  on groundwater q u a l i t y .  

Another con- 

DESCRIPTION OF THE LINKED VERTICAL WELL PROCESS (LVW) 

The coa l  seam a t  t h e  Hanna si te is a subbituminous coa l ,  30 f e e t  
t h i c k  and approximately 300 f e e t  deep. 

The LVW process  is a two-step opera t ion .  The f i r s t  s t e p  is t o  
prepare  t h e  seam f o r  g a s i f i c a t i o n ,  s i n c e  t h e  v i r g i n  c o a l  has  a perme- 
a b i l i t y  too low t o  accept  t h e  high volumes of air  necessary f o r  g a s i f i -  
ca t ion .  This  p repa ra t ion  i s  c a l l e d  "linking" and involves  t h e  drawing 
of a combustion f r o n t  from t h e  bottom of one w e l l  t o  an  ad jacent  we l l  
us ing  a r eve r se  combustion technique. Af t e r  t h i s  "l inking" is complete, 
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t h e  permeabi l i ty  between these  two w e l l s  is s u f f i c i e n t  t o  proceed wi th  
t h e  second s t e p  o r  the g a s i f i c a t i o n  process.  This  involves  i n j e c t i n g  
l a r g e  volumes of a i r  i n t o  one w e l l  and t h e  g a s i f i c a t i o n  products  being 
produced a t  t h e  o the r  w e l l .  It is  during t h i s  s t e p  t h a t  t h e  c o a l  tars 
a r e  produced and c a r r i e d  t o  t h e  su r face  as  a by-product of t h e  o v e r a l l  
g a s i f i c a t i o n  process.  

EXPERIMENTAL 

GLC a n a l y s i s  of t he  aromatic f r a c t i o n s  w e r e  done on a HP-5712 
chromatograph us ing  a 10' x 0.093" 3% SP-400 on S O / l O O  Supelcoport  
column. 
then  a 2' C / m i n  i n c r e a s e  t o  300' C ,  a usable  sepa ra t ion  was obta ined .  
Combined gas  chromatography-mass spec t roscopic  s t u d i e s  w e r e  performed 
us ing  a HP-5700A gas  chromatograph coupled d i r e c t l y  t o  a n  AEI MS-12 mass 
spectrometer.  The GC sepa ra t ion  w a s  ob ta ined  using support  coated open 
t a b u l a r  columns. 

With a flow rate of 30 ml/min, i so thermal  a t  50° C f o r  2 minutes,  

Simulated d i s t i l l a t i o n s  were performed wi th  use  of gas chroma- 
tography w i t h  r e s i d u e  def ined  as any material t h a t  does not  b o i l  below 
1000° F .  

The tar w a s  s epa ra t ed  i n t o  tar ac ids ,  tar bases  and n e u t r a l s  by 
acid-base ex t r ac t ion .  
and ex t r ac t ion  wi th  d i e t h y l  e the r .  Neut ra l s  were a l s o  separa ted  i n t o  
a l i p h a t i c  and a romat i c  f r a c t i o n s  wi th  the  use  of s i l i c a  ge l .  Hexane was 
used to e l u t e  t h e  a l i p h a t i c s  and methanol t o  remove the  aromatics.  

The f r a c t i o n s  were regenera ted  by pH adjustment 

PHYSICAL PROPERTIES 

T a b l e  I lists some of t h e  phys ica l  p r o p e r t i e s  o f  t h e  sample t o  be 
discussed i n  d e t a i l .  These are p rope r t i e s  of t h e  whole sample, no t  j u s t  
t h e  aromatic f r a c t i o n .  

Table  I - Phys ica l  P r o p e r t i e s  

S p e c i f i c  g r a v i t y  a t  60' F - 0.977 
Viscos i ty  a t  100' F - 13.16 cen t i s tokes  
Heat of combustion - 17,256 Btu / lb  

S imi la r  va lues  have been measured f o r  o t h e r  samples co l l ec t ed  
dur ing  o ther  tests. Thei r  mob i l i t y  (low v i s c o s i t y )  would make them 
e a s i l y  handled i n  a su r face  f a c i l i t y  and t h e i r  hea t ing  v a l u e  would 
q u a l i f y  them a s  a poss ib l e  f u e l .  

CHEMICAL PROPERTIES 

The e lementa l  a n a l y s i s  (Table 11) is t y p i c a l  of t he  tars produced 
from the Hanna t e s t s .  
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Table I1 - Elemental Analys is  

C - 86.33% 
H - 10.43 
N - 0.79 
s - 0.18 
Oa - 2.27 

apercentage determined by d i f f e rence  

The maximum values  f o r  n i t rogen  and s u l f u r  t h a t  have been observed 
a r e  1 percent  and 0.5 percent  r e spec t ive ly .  

Another technique used f o r  a n a l y s i s  i s  simulated d i s t i l l a t i o n s .  An 
i n t e r e s t i n g  poin t  is demonstrated by t h i s  technique, t h i s  being t h a t  
none of the coa l  tar b o i l s  above 950' F. When compared wi th  a coa l  tar 
produced by l abora to ry  carboniza t ion ,  t he  obvious d i f f e r e n c e  is i n  t h e  
bo i l ing  poin t  d i s t r i b u t i o n .  With  t h e  use of an i n t e r n a l  s tandard ,  i t  
was determined t h a t  t he  carbonized l abora to ry  sample was 24 percent  (by 
weight) r e s idue  versus  0 percent  f o r  t h e  UCG sample (Table 111). 

Table I11 - Boiling Range Di s t r ibu t ion  
~~~ ~~ 

Amb- 400- 500- 600- 700- 800- 900- 
Sample 400°F 500 600 700 800 900 1000 Residue 

Carbonized 0 11.3 16.3 13.1 15.2 12.4 7.5 24.2 

- - - - - - - -  

UCG sample 6.2 16.9 25.6 28.2 16.0 5.3 1.8 0 

This  i l l u s t r a t e s  an important po in t  about the UCG coa l  t a r .  It i s  
a f r ac t iona ted  po r t ion  of t h e  t o t a l  coa l  t a r  produced underground i n  t h e  
seam. The passage through t h e  production pa th ,  inc luding  t h e  l inkage  
pa th  and wel l  cas ing ,  a c t s  a s  a preliminary sepa ra t ion  s t e p .  The f a t e  
of t h e  heavier  components is ques t ionable  but  t he re  i s  c e r t a i n l y  some 
cracking  and perhaps eventua l  combustion of t he  remaining components. 

These more v o l a t i l e  components that reach  the  su r face  provide a 
r a t h e r  unique product f o r  cha rac t e r i za t ion  when compared t o  "standard" 
coa l  t a r s  produced i n  su r face  u n i t s .  

The separa t ion  of numerous samples i n t o  t a r  bases ,  t a r  ac ids  ( s t rong  
and weak acids)  and n e u t r a l s  (aromatic and a l i p h a t i c )  gave the  following 
range of values (Table IV). 

Table IV - Compositions w t  % of Tar 

I Tar bases 2.5-8.0% 

Tar a c i d s  . 1-1% - Strong a c i d s  
12-31% - Weak a c i d s  

Neut ra l s  55-77% - 70% Aromatic 
30X Al ipha t i c  
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An interesting point was that after looking at many samples the 
relative amount of aliphatics versus aromatics was essentially constant 
(30:70). Previous investigations (3) of the tar bases indicate the 
composition to be primarily quinolines with some pyridines and anilines. 
The tar acids have been described ( 4 )  as alkylated phenols. The aliphatics 
( 4 )  are mostly saturated with a Cg to C31 normal series and a predominate 
CI9 branched series. 

AROMATICS 

The aromatic fraction did not show any unusual components but did 
The reason for this lack any alkylated benzenes, which were expected. 

is believed to be the volatile nature of the methyl and polymethyl 
substituted alkylbenzenes and the technique that was used to collect the 
coal tar sample from the production stream. The collection procedure 
discriminated against the volatile components. The predominate type of 
alkylation found in the remaining aromatics was methylation. Table V 
lists the various compound types, or in some cases isomers, that were 
determined by GC-MS analysis. 

Table V - Components of the Aromatics 
I Naphthalene 

2 - Methyl Naphthalene 
1 - Methyl Naphthalene 
3 different Dimethyl Naphthalenes 
Acenaphthalene o r  Biphenyl 
A 1, 2, 3, 4 - Tetrahydronaphthalene w/ C4H~ substitutent 
A Dipropyl Thiophene 
4 different Trimethyl Naphthalenes 
A Dimethyl - Ethyl Naphthalene 
A Penta - Methyl Naphthalene 
Anthracene and/or Phenanthrene 
A Methyl Anthracene and/or Phenanthrene 
An Ethyl Anthracene and/or Phenanthrene 

The results presented in Table V show there is no evidence of PNA 
components and the majority of the alkylation is methyl. 

COMPARISON OF AROMATIC FRACTIONS 

As has been reported in a previous paper ( 4 ) ,  the similarity of the 
separate fractions is remarkable. The same is true of the aromatic 
fractions. The three aromatic fractions that will be discussed are from 
three different tests. The first from December 10, 1973, during the 
Hanna I test, the second from June 2 5 ,  1975, during the Hanna 11, Phase 
I test and the third from May 21, 1976, during the Hanna 11, Phase I1 
test. 

Without doing a complete GC-MS analysis of all these samples and 
considering only the GC trace the striking similarity is obvious. The 
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assumption at present is that the aromatic fractions are similar in 
composition both qualitatively and quantitatively. This indicates a 
very constant liquid by-product from UCG. 

CONCLUSIONS 

Analysis of an aromatic fraction from a coal tar produced from 
an underground coal gasification test shows mostly methylated naphthalenes, 
anthracenes and phenanthrenes. 
fractions and the corresponding similarity of acid, base and aliphatic 
fractions suggests that the liquid product is very constant in composition 
with respect to time. This would in turn indicate that the LVW process 
approaches steady state conditions. 
would certainly be compatible and desirable with any facility that might 
utilize such a liquid for either a feedstock or as a fuel. 

The similarity between various aromatic 

The constancy of such a product 

The lack of evidence for any PNA's in the aromatic fraction is 
certainly encouraging from an environmental standpoint and would probably 
be expected when considering the way in which the coal tar is produced. 

As a by-product, the coal tar appears to be a desirable product 
which only enhances the outlook for underground coal gasification becoming 
a commercial process. 
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MELTING BEHAVIOR OF COAL ASH MATERIALS 
FROM COAL ASH COMPOSITION 

by 

Karl S. Vorres  
Institute of Cas Technology 

Chicago, Illinois 606 16 

May 1977 

INTRODUCTION 

The melting behavior of coal ash  materials is  characterized by several 

temperatures relating to stages of deformation of cone-shaped ash  samples 

on heating. 
range i s  a l so  useful for characterization. 

primarily for design of steam generation equipment, but m a y  be usefully 

extended to  coal  conversion processes such a s  gasification. Coal ash does 

not mel t  sharply like a pure compound, but ra ther  softens over a tempera- 

ture range a s  the temperature is  increased. 

exhibits a plastic range between the solid and mobile liquid states. 

temperature range corresponding to  the plastic state, a s  well a s  viscosity 

and melting phemonena. depend on the composition of the ash  and the gaseous 
environment. 

of temperatures and gaseous environments have demonstrated this 

Viscosity of coal ash melts through the molten temperature  

This information has been used 

As it  melts, the heated ash 

The 

Studies of the melting and viscosity of ash melts  over a range 

The purpose of this paper is to  p r w i d e  some framework f o r  understanding 

the observed behavior, and to suggest use of a concept that should be helpful 

in  further studies of that behavior. 

Acids and Bases 

The melting and viscosity behavior has  been described a s  a function of 

the composition of the coal ash  in t e r m s  of acids and bases. The acids have 
been defined as oxides of Al. Si, and Ti, while the bases were oxides of Na, 

K.  Ca, Mg, and Fe. 
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The structural inorganic chemical characteristics of the acids and bases 

will be of interest in  establishing the reasons for labels such a s  acid or base, 

and i n  understanding the impact of the acid or  base characteristics on the 
melting or viscosity properties of coal ash. 

Inorganic cations m a y  be characterized by ionic radii for  their common 

valences. 

weight for  a given valence. 

ganic cations indicated above a r e  fisted below in Angstrom units: 

In general, the radii decrease with charge, and a l so  with atomic 

The radii, according to Ahrens, for the inor- 

sit4 0.42 

~ 1 ' ~  0.51 

Fe" 0.64 

Mg t2 0.67 

Ti+4 0.68 

Fe" 0.74 

N a  " 0.94 

Ca " 0.99 

K +l 1.33 

The two values a r e  given for i ron because of the importance of both valence 

s tate 8 .  

In crystals, and in  some cases for liquids, the cations a r e  surrounded by 

a specific number of anions. 

the rat io  of the radii of the two oppositely charged species. A coordination 

number of four produces a tetrahedron and i s  expected between radius ratio 
limits of 0.225 and 0.414. 

octahedron and i s  expected between radius ra t io  limits of 0.414 and 0.732. 

The coordination number of eight is expected for somewhat larger  radius ratios. 

This coordination number is determined by 

A coordination number of six produces an 

In coal ash the predominant anion is  the oxide ion. Using a radius of 
0 

1.40 A for the oxide and applying the radius ratio cr i ter ia ,  tetrahedral 

coordination is expected for  cations with a radius smaller  than 0.58 A or  

specifically Si" and Alt3. 

cations between 0.58 and 1.03 2 or Fet3, Mg", Tit4, Fet2. Na", and 
t z  t Ca . The remaining K would be expected to have a cubic configuration 

with coordination number eight. 

numbers would be expected in melts. 

0 

The octahedral configuration is expected for 

Under proper conditions, these coordination 
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Ionic Potential 

Another useful concept is the ionic potential which i s  defined as the 
quotient of the valence and ionic radius for a given ion. 

indicates something about the ability of a cation to coordinate anions about it. 

A higher ionic potential indicates the ability of one cation type to  compete 

effectively with other cations f o r  available anions t o  form complex ions 

such a s  SO,-' i n  a mixture like coal ash. 

tials of the species of interest a re :  

This parameter 

The values for the ionic poten- 

si* 9.52 FeS2 2.70 

~ 1 + 3  5.88 , Cat' 2.02 

Ti '* 5.88 

Fet3 4.69 

N a  " 1.06 

K 0.752 

Mg " 2.98 

The highest values belong to the acid group S i ,  Al ,  and Ti, while the lowest 

values belong t o  the bases. 

It is suggested h e r e  that the ionic potential may be the physical charac- 
teristic which is useful in quantifying acid and base behavior, and would 

also be useful in future efforts to correlate  melting behavior or viscosity 

with chemical composition. 

The ionic potential is a measure of a cation's ability to  compete for anions 

in order  to  f o r m  a complex ion of the form MOin. The abi l i ty  is also 

dependent on the available oxide ions. 

oxide ions would be limited in the pure oxide Si 0, if  it were not for the 

possibility of sharing oxide ions between different Si. 

S i O2 groups in a V shape can f o r m  polymer type groupings. 
could be extremely long chains of linked tetrahedra. 
possible. If additional oxide ions became 

the species needed to  terminate the chains. 

the groupings would terminate more  frequently and have a smaller  agglomerate 
weight. 

potential such as the alkalis or alkaline earths. These would be expected to 
dissociate into hard  sphere ions, and the oxide ions would be coordinated by 

cations of the highest ionic potential. 

The ability of S i  t o  coordinate four 

A s  a result, repeating 

These groupings 

Other forms a r e  also 

available, then they would provide 

A s  more  oxide became available, 

A source for  oxide ions would be oxides of cations with low ionic 
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It is suggested that the role of acids in coal ash  melts  is that of polymer 

formers  with the greatest tendency to form polymers correlating with the 

greatest ionic potential. 

The oxide ions would be  attracted to  the ions of high potential to  break up 

polymers and reduce viscosity. 

The role of bases i s  that of oxide ion donors. 

In general, the available oxide ions from cations would tend to  reduce 

the size of polymeric groups associated with cations of high ionic potential. 

Additions of compounds increasing the available oxide ion concentration 

would decrease the viscosity of a melt  rich in  si and A1 typical of eastern 
coal ash material. This effect h a s  already been noted. 

The Behavior of Iron 

The two valence states of i ron give significantly different values with 
The special importance of the fe r r ic  ion being between the two groups. 

i ron can, in par t  a t  least, be correlated with the two valences it displays. 
This m a y  be compared with the amphoteric behavior of certain other species. 

On the basis of the table of ionic potentials, the fe r r ic  ion m a y  be thought of 

a s  a weak acid, and the ferrous ion as a base. In practice, the iron i n  coal 
ash in boilers will exist a s  a mixture of the two states. Only a minor par t ,  

frequently about 20%, is Fe,O,. 

possibly some elemental iron. 

classifying iron oxides (if they  must  be lumped into one type) with the bases ,  

even though they a r e  listed as Fe,O,. 

The major par t  (about 80%) is FeO, with 

This indicates the appropriateness of 

The gaseous environment i s  important in determining properties of coal 
Studies have shown a marked reduction of viscosity of mel ts  ash  systems. 

in going from oxidizing to reducing conditions, which would significantly 

alter the proportion of fe r r ic  and ferrous ions. This change in properties 

would be consistent with a complex ion forming tendency for  the fe r r ic  ion 
with its high ionic potential, and an oxide ion donor role for the ferrous ion 

with i ts  lower ionic potential. 

in a reducing environment: I) reduction of concentration of polymer 

forming fe r r ic  ions, and 2 )  increase in oxide ion concentration available for 
cations with high ionic potential. The oxide ions would have been associated 

with the ferrous ions. 

Two factors would work to reduce the viscosity 
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Conceptual Structural Considerations 

Winegartner and Rhodes) indicated that the coefficients in front of the bases 

CaO, MgO, K,O, and Na,O should each be  one when calculating the softening 

temperature using the base-toacid ratio and expressing the a s h  composition 

for  these mater ia ls  in 
The implication of that observation in the context of this paper is that the 

bases a r e  equally effective a s  oxide ion donors. 

oxide unit. 
This is  a l so  consistent with characterizing FeO a s  a base and indicating the 

role of oxide ion donor for  FeO. 

percentages rather than weight percentages. 

Each formula contains one 
They fur ther  note that Fe20, should really be  expressed a s  FeO. 

The melting process  m a y  be  pictured a s  application of energy to disrupt 

the crystal lattice of a solid. The lattice of the solid m a y  be modified by 

the impurities t o  permit easier  melting through introduction of additional 

large oxide ions in the acid oxide structure. 

would probably occur  in the available interstices appropriate for  the base 

coordination number. 

thermal requirement for melting or  a lower melting point. 
implication of Winegartner and Rhodes work is that the number of oxide ions 
is most significant, and that the nature of the base cations is not significant 

in  affecting the softening temperature. 

SUMMARY 

Insertion of base cations 

The resultant lattice s t ra in  would yield a lower 

The further 

The ionic potential (valence divided by ionic radius) may be used a s  a 

measure of acids and bases  in  predicting coal ash melting and viscosity 

f rom the chemical composition. 

ion former with anions provided by bases  which in  coal ash systems are 
oxide ion donors. 

trations, polymers tend to  form in the melts. 

polymer s ize  and would decrease viscosity. 
a l ter  the relative concentration of fe r r ic  and ferrous ions, interconverting 

acid and base ions. In general, bases a r e  reported to  be  equally effective 
oxide ion donors. 

amount of oxide ion provided to  the system. 

The role of a n  acid is that of a complex 

In systems containing acids and limited oxide ion concen- 

Addition of bases  reduces 

The gaseous environment m a y  

The effects of base addition a r e  proportional to  the 
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CHARACTERISTICS OF ASH AGGLOMERATES 
FROM AN ASH-AGGLOMERATING GASIFIER 

David M. Mason 

Institute of Gas Technology 
3424 S. State Street  

Chicago, Illinois 60616 

INTRODUCTION 

An ash-agglomerating fluidized-bed gasifier has  been under investigation a t  the 
Institute of Gas Technology (IGT). In such a process, carbon utilization can be sub- 
stantially improved over that obtained when ash  is  removed by continually discharg- 
ing a nonselective portion of the fluidized bed containing both ash  and carbon. 

The pilot plant gasifier has  a diameter of 4 feet and operates a t  near atmospher- 
ic  pressure. 
leaves the gasifier through a centrally located venturi tube through which par t  of the 
gaseous feed (steam plus air or oxygen) i s  introduced to the reactor. 
the gasifier and i t s  operation have been described by Sandstrom. Rehmat. and 
Bair in a recent paper (8). 
a s h  obtained during gasification of coke breeze and FMC char ,  and we discuss 
the probable mechanisms of their formation. 

The schematic diagram of Figure 1 shows that agglomerated ash  

Details of 

In the present  paper, we describe the agglomerated 

EXPERIMENTAL 

Petrographic samples  were mounted, sectioned, and polished mostly according 
to methods employed in coal petrography (1). 
observations and determination of reflectance has  been described (4). 

Our apparatus for microscopical 

I ron  oxides and sulfides can usually be recognized by appearance, especially 
when m o r e  than one oxide or sulfide i s  present. Fer rous  sulfide is brilliant, 
though not a s  brilliant as pyrite, and has  a yellowish cast. Fer rous  oxide is dead 
white, while magnetite is darker  and gray in color. In initial observations and if 
doubt is aroused, measurement  of reflectance i s  useful. Reflectance in a i r  i s  used 
in ore petrography. 
arranged in order  of increasing reflectance, a r e  shown below, together with 
literature values for  reflectance in air. Values for  some of the compounds can 
vary with orientation and composition. 

O u r  own approximate measurements with oil immersion, 

Reflect anc e 
Mineral or 
Compound Formula 

Iron Spinel FeO. A1,0, 

Fer rous  Oxide Fe,  -,O 
Ferrous  Sulfide Fel  -,S . 

Iron Metal F e  

Magnetite Fe304 

Pyrite FeS, 

In Air (3) In Oil (Approx) 
% 

0. 9-1.2 
7-8  

18-24 
18-24 

3 3 - 4 4  
40-50 

Scanning electron microscopy was carr ied out under the direction of Dr. Oom 
Johari a t  IIT Research Institute. 
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Ash samples were analyzed by the lithium borate fusion method of Boar a n d  
Ingram (2), with aluminum, calcium, iron, silicon, and titanium finished by 
atomic absorption and with sodium and potassium by flame emission. 
was determined by the Eschka method. Acid-soluble iron was extracted by 
boiling with 3N hydrochloric acid and was determined by atomic absorption. 

Sulfate 

Agglomerated Ash From Coke Breeze 

The a s h  product consisted predominantly of well-rounded particles (beads) 
ranging from about 1/16 to 1 / 4  inch in diameter, sometimes accompanied by  
some angular coke particles (Figure 2a). 

Beads f r o m  an early run (No. 17)  were subjected to detailed examination. 
The air- to-s team ratio in this test was about 4:l by weight: temperature i n  the 
fluidized bed ranged from about 1880' to 1930". 

For  microscopic observation the beads were mounted in epoxy resin,  sectioned, 
and polished. A composite photomicrograph of a whole 1 -inch briquet, taken with 
vertical illumination, is shown in Figure 3. Residual coke appears as light a r e a s  
here ,  both a s  the main constituent of the angular particles and a s  the very small  
constituent particles of the rounded beads. These small  particles a r e  situated 
mostly on the periphery of the beads, although a few a r e  buried in the interior. 

The many rounded black a r e a s  in the bead a r e  empty vesicles. Others, 
connected by passageways to the exterior, were filled with the epoxy resin during 
mounting. (The system is evacuated before covering the sample with the resin, 
and the liquid resin is forced into some of the vesicles by the readmitted atmo- 
spheric pressure.) 

A composite photomicrograph of the same briquet taken with oblique illumina- 
tion is shown in Figure 4. W i t h  this illumination, the continuous phase of glassy, 
melted a s h  in  the rounded beads can be distinguished from many of the embedded, 
unmelted particles, 

We did not attempt to identify all of the unmelted a s h  particles; however, we 
think that some with high reflectance a r e  probably particles of high-alumina r e -  
fractory f rom the walls of the unit. When the reflectances of some of these high- 
reflectance particles were measured, they agreed with that of the similarly 
mounted refractory. Very small vesicles in the melted ash appear a s  pinpoints 
of reflected light. Some of the large, empty vesicles a r e  partly illuminated on  
one side. 

The distribution of the residual carbon indicated by microscopic observation 
was substantiated by further investigation: A sample of the residue was separated 
by hand into beads and angular particles; analyses for carbon then showed only 
1.9 weight percent in the beads and 70.4 weight percent in the angular particles. 
That most of the residual carbon in the beads is  not embedded and i s  available 
for  reaction was shown by igniting a sample of the beads for 112 hour at about 
1550°F, followed by an analysis for unburned carbon. 
remained. 

Only 0. 36 weight percent 

The surface energy of a melt  (or solid) of this kind i s  high compared with that 
of carbonaceous solids, and thus melted a s h  does not wet or  spread on the low- 
energy surface of the coke (7). This is confirmed by the observation (under the 
microscope) that coke particles appear to float on the surface of the glassy phase, 
a s  shown in the photomicrograph of Figure 5. The observed apparent contact 
angle between coke and the glassy phase varied from about 90 degrees to much 
more than that. This explains why so little coke is entrapped inside the melted 
ash. 
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We investigated the composition of the continuous or melt phase of the beads. 
Microscopic observations of polished sections (at higher magnification than 
s h o w  in Figures 3 and 4)  show the presence of crystals. The view in thephoto- 
micrograph of Figure 6 is typical, but occasional a r e a s  a re  found where the 
crystals a r e  larger  and comprise a larger  fraction of the crystal-in-glass 
composite. Occasional particles of ferrous oxide and metallic iron have also been 
found and identified by measuring their reflectance. X-ray emission spectra of 
the crystals, obtained with a scanning electron microscope, indicated presence 
of i ron  and aluminum. Iron, aluminum, and silica were similarly identified as 
the major components of the matrix or  continuous phase; titanium, potassium, 
and calcium were a l so  detected in it. 

It is well known that the fusibility of ash  containing substantial amounts of iron 
(from pyrite in the original coal) depends on the oxidation-reduction potential of 
the atmosphere. The presence of occasional par t ic les  of metallic iron in the beads 
indicates that the atmosphere in a t  least  some zones of the bed was reducing 
enough for reduction of fe r rous  oxide, although the product g a s  generally had too 
low a carbon monoxide-carbon dioxide ratio to expect such reduction. The phase 
diagram for the Fe0-A1,03-SiQ system in equilibrium with metallic iron i s  thus 
of interest for a n  understanding of the a s h  behavior. 

The phase diagram of Osborn and Muan (6) for  the FeO-Al,O,-SiQ system 
under this condition is shown in Figure 7. 
for  crystallization of i ron  cordierite, 2Fe0. 2A1203. 5SiQ. The minimum liquidus 
temperature in the presence of hercynite (FeO. Al2O3) and fayalite (2FeO. SiO,), 
a t  the lower left corner  of the field, is 1990t9OF. However, i ron cordierite tends 
not to crystallize in the absence of seed crystals ,  and instead a metastable eutec- 
t ic  of fayalite, hercynite, and tridymite may form at  1963~9'F (5). In the pre-  
sence of impurities, s t i l l  lower liquidus temperatures may occur. Thus, Snow 
and McCaughy, working with mixtures prepared from clays containing im- 
purities, found a liquidus temperature of 1778OF for this eutectic (9). However, 
n o  crystals typical of a eutectic were seen either by optical o r  scanning electron 
microscopy, nor  was any fayalite detected by X-ray diffraction. 
appears that a g lass  is formed when the melted ash cools. 

Aeelomerated Ash from FMC Char 

Note the narrow quadrilateral field 

Instead, i t  

The FMC char was much more  reactive than the coke breeze, resulting in a 
lower bed temperature with comparable gas feed. 
severe operating conditions (higher temperature or higher a s h  content of the bed) 
were required to obtain agglomerates large enough to be discharged automatically 
and in sufficient quantity to maintain the ash  content of the bed in a steady state 
without periodic dumping. Steam had to be eliminated from the gas feed to obtain 
the required temperatures. 

On the o the r  hand, more 

Agglomerated par t ic les  f rom two runs operating with FMC char a s  feed 
(Nos. 57 and 60)  were examined. The feed for the f i r s t  of these runs had been 
prepared from I l l ino is  coal and that for  the latter f rom Western Kentucky coal. 

The agglomerated a s h  particles differed considerably f r o m  those produced 
f rom the coke breeze,  being smaller and subangular instead of well-rounded. 
Par t ic les  from Run 6 0  a r e  shown in Figure Zb with small beads from coke for 
comparison. In polished sections under the optical microscope, the clay of the 
coal ash  appeared to be well-sintered, but no ferrous aluminum silicate was 
detected by X-ray emission in the scanning electron microscope. Instead, the 
i ron appeared most ly  in the form of ferrous sulfide and magnetite. 
chars, the iron appeared a s  ferrous sulfide; in the agglomerated ash  from an 
early period of Run 57, some magnetite had appeared, but mos t  of i t  was ferrous 
sulfide, much of i t  a s  separate particles. Some was occluded in the agglomerated 

In both feed 
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clay a s  dispered. 1 to 1 0 - p - ~  particles, and some had spread over the surface 
of the clay particles a s  shown in Figure 8. 
period of the run, much of the exposed iron, but not the occluded particles, had 
been converted to magnetite. In the agglomerated ash  from a late period of 
Run 60, a portion of the magnetite on the outer zone of the particles had been 
reduced to wcstite (FeO). Rings of ferrous sulfide, similar in shape to those 
found on separate particles, were observed in the interior of the agglomerates. 
Formation and automatic discharge of these agglomerates occurred in Run 60 
with a bed temperature of about 1950°F and an a s h  content of about 50% in the 
fluidized bed. 

DISCUSSION 

In the agglomerates f rom a la ter  

Differences in elemental composition among the three feed mater ia ls  (Table 1 )  
a r e  probably not very significant in interpretation of the agglomeration process;  
however, analysis for acid-soluble i ron indicated that a large par t  of the iron 
in the coke had already reacted with the clay minerals to form the acid-insoluble, 
low -melting ferrous aluminosilicate. 
acid but is decomposed o r  oxidized in the preparation of the coke and char. 
Soluble i ron compounds occluded in sintered clay also do not dissolve. ) 

(Pyri te  also is insoluble in hydrochloric 

Table 1. PROPERTIES OF ASH I N  COKE AND CHAR FEEDS 

Elemental Composition, wt % 
Si02 
A1203 
Fez03 
Ti02 
CaO 
MgO 
NazO 
Kz 0 
so3 
Total 

Acid-Soluble Iron, % of total iron 

Ash Fusibility, O F  

Reducing Atmosphere 

IT 
ST 
HT 
FT 

Oxidizing Atmosphere 

IT 
ST 
HT 
F T  

Coke 

47. 1 
20. 8 
18. 9 

0. 81 
3. 25 
1. 01 
0. 54 
1. 72 
2. 26 

96. 4 

47 

2085 
2155 
2230 
2440 

2510 
2630 - -  

_ _  

FMC Char 
F r o m  Ill. F r o m  Ky. 

Coal Coal 

35. 7 39. 9 
17. 5 23. 4 
24. 1 24. 1 

0. 88 0. 51 
3. 50 0. 43 
0. 85 0. 74 
4. 03 0. 60 
2. 48 0. 65 
5. 15 1. 95 

93. 4 92. 3 

98 97 

- - 

1780 2005 
1950 2050 
1980 2080 
2160 2340 

2215 2475 
2300 2520 
2360 2540 
2500 2560 

Thus, two different modes of a s h  agglomeration a r e  indicated, namely, i ron 
oxide fluxing (formation of molten ferrous aluminum silicate), and, under m o r e  
severe conditions, clay sintering. 
melting (and thus prone to sintering) ferrous sulfide (mp 218O0F) on the exterior 
of clay particles may have aided in their agglomeration. 

Possibly the presence of relatively low- 
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prediction of the performance that will be obtained with other types of feed 
is uncertain. The f o r m  of the iron in the feed is obviously important; iron in 
hydrogasification residue,  for  example, i s  likely to have been converted to 
ferrous oxide and would thus be in a much readier  form to react  with and flux 
the clay than it i s  in char. This may also be the case  even with raw coal a s  the 
feed, because a gasification atmosphere has a higher oxidation potential than a 
pyrolysis atmosphere does. 
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ASH AGGLOMERATES 

Figure 1. SCHEMATIC DIAGRAM O F  ASH-AGGLOMERATING GASIFIER 

Figure 2b. ASH AGGLOMERATES FROM Figure 2a. 
ASH AGGLOMERATES FROM 

COKE, WITH COKE PARTICLES FMC CHAR AND (Right) 
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Figure 3. AGGLOMERATED ASH BEADS 
FROM COKE - VERTICAL ILLUMINATION 

Figure  4. AGGLOMERATED ASH BEADS 
FROM COKE - OBLIQUE ILLUMINATION 
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Figure 5. COKE PARTICLES ON SURFACE OF 
MELTED AND RESOLIDIFIED ASH OBSERVED BY 

OPTICAL MICROSCOPE WITH OIL IMMERSION 

Figure 6. CRYSTALS O F  HERCYNITE (FeO- AlzO,) IN 
MELTED AND RESOLIDIFIED ASH OBSERVED BY 

OPTICAL MICROSCOPE WITH OIL IMMERSION 
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Petrochemistry of Coal Ash Slags. 1. Formation of Melilite and a 
High Temperature Glass from a Calcium-Rich, Silica-Deficient Slag. 

21 4 /  H. H. Schobert,L/ D. L. Barbie,- 0. D. Christensen,z' and F. R. Karnex- 

Grand Forks Energy Research Center 
Box 8213, University Station 

Grand Forks, ND 58202 
and 

Department of Geology 
University of North Dakota 
Grand Forks, NE 58202 

The Grand Forks Energy Research Center (GFEXC) of the Energy Research and 
Development Administration is conducting pilot plant studies of a fixed-bed slagging 
coal gasification process. The pilot plant was originally operated from 1958-1965 
by the Bureau of Mines. 
Mines test results have been documented (2,g). Recent papers (3,i) have described 
the program objectives for the reactivated plant and have presented some prelimi- 
nary results. 

The design and operation of the gasifier and the Bureau of 

A schematic diagram of the gasifier is shown in Figure 1. Lignite or subbi- 
tuminous coal is reacted with steam and oxygen at pressures to 27 atmospheres psig 
and at hearth zone temperatures exceeding 1650' C. 
which 90% is carbon monoxide and hydrogen at 2:l ratio and the balance is composed 
of methane, carbon dioxide, and nitrogen. The hearth zone temperatures are main- 
tained sufficiently high to cause melting of the ash. The molten slag drains into 
a water quench bath through a taphole in the hearth. Maintaining a steady flow of 
slag is crucial to the successful operation of the gasifier, since a build-up of 
slag on the hearth o r  a plug forming in the taphole will result in a premature 
shutdown of the test. 

A gas mixture is produced of 

The petrochemistry of the slag is of considerable importance as a factor in 
hearth section design. 
relationship between slag constituents and the refractories. If a phase trans- 
formation in the slag should produce a liquid having a composition well outside 
the design specifications, a rapid chemical degradation of the refractory struc- 
tures could occur. The temperature dependence of slag viscosity is a function of 
slag composition. Since design of slag discharge orifices w i l l  be influenced in 
part by the expected viscosity range, viscosity changes caused by corresponding 
composition changes could alter slag flow characteristics. 

Refractory selection will depend in part upon the chemical 

Additional interest in slag petrochemistry arises from a similarity of slag 
compositions to naturally-occurring silicate melts. 
in the gasifier can provide opportunities for studies of igneous rock petrology. 

Thus the slagging operations 

During operation, the slag is removed from the gasifier by periodically 
discharging the slag lock. 
granules (Fig. 2). 

The discharged slag is recovered as black, glassy 
In some tests the slag has been found to contain structures Of 

- 1/ 
- 2/ 
3/  
g/ 

Research Chemist, Grand Forks Energy Research Center. 
Physical Science Aide, Grand Forks Energy Research Center. 
Assistant Professor of Geology, University of North Dakota. 
Professor of Geology, University of North Dakota. 
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unusual o r  a typica l  appearance. 
i c a l  and petrographic analysis .  It i s  of Par t icu lar  concern t o  i d e n t i f y  t h e  phases 
formed, t o  determine or suggest t h e  mechanism of t h e  phase separat ion,  and t o  
pred ic t  t h e  e f f e c t  on such parameters as r e f r a c t o r y ' a t t a c k ,  s lag  v iscos i ty ,  and 
heat t ransfer .  

Samples of these  a r e  re ta ined  f o r  de ta i led  chem- 

The current  s e r i e s  of  t e s t s  i n  the  GFERC g a s i f i e r  uses l i g n i t e  from t h e  
Indianhead mine of t h e  North American Coal Company near Zap, North Dakota. Slag 
analyses a r e  done using x-ray fluorescence. 
s l i g h t l y  from run t o  run. Table 1 shows t h e  s l a g  ana lys i s  f o r  a recent  t e s t  and 
t h e  range of  observed values. 

The analysis  of t h e  bulk s lag  var ies  

TABLE 1. Product Slag Analysis, Indianhead Ligni te .  

Oxides 

Si02 
*l2O3 
Fe203 
Ti02 
P205 
C a O  
MgO 
Nap0 
K20 
so3 

39.5 
13.6 
11.0 

0.7 
0.3 

17.9 
5.3 
6.6 
1 . 0  
4 . 1  

Range, % 

31.1 - 39.7 

4.4 - 11 .4  
0.4 - 0.7 
0.3 - 0.6 

11.8 - 13.6 

17.9 - 33.7 
5.3 - 7.4 

0.6 - 1.0 
1.9  - 4 . 1  

0 .1  - 10.5 

TOTAL 100.0 

The composition i s  s i m i l a r  t o  t h a t  of a calcium-rich pyroxene. 

Figure 3 shows a specimen of two-layered nodules recovered from t h e  product 
s l a g  of  an ear ly  t e s t  (No. RA-4) i n  the  current  program. Table 2 shows t h e  r e s u l t s  
of ana lys i s  of  t h e  inner  and outer  layers  of t h e  nodules, as  well as t h e  analysis  
of a bulk sample of t h e  s lag.  

TABLE 2. Analyses of Regions of  Indianhead Slag Nodules, Test FA-4 

Weight Percent 
Inner Layer Outer Layer Bulk Sample 

Si02 
A1203 
Fe203 
Ti02 
p2°5 
CaO 

65.0 
19.3 

5.8 
0.9 
0.1 
1 . 7  
2 .6  
1.4 
2.9 
0.2 

36.6 
13.6 
13.0 

0.7 
0.4 

20.6 
5.6 
5.8 
0.8 
3.0 

38.2 
12.7 
8.0 
0.6 
0.5 

24.3 
6.4 
3.5 
0.9 
3.0 

TOTAL 99.9 100.1 98.1 
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A t h i n  sect ion of one of these  nodules i s  shown i n  Figure 4 .  Optical and 
x-ray d i f f rac t ion  study shows t h a t  the  inner mater ia l  i s  a ves icu lar  g lass  with a 
small amount of disseminated quartz grains  or fragments. 
across t h e  thin-sectioned chips ,  typ ica l ly  occurring i n  zones of smaller (0 .01  mm) 
and la rger  (0.04 mm) approximate average diameter. 
numerous s imi la r ,  spherical  s t ruc tures  with pa le  t a n  color  a r e  present .  These of ten  
contain or par t ly  contain quartz grains .  
s imilar  t o  the  or ig ina l  s lag.  

The ves ic les  vary i n  s i z e  

In addi t ion t o  t h e  ves ic les ,  

The outer  layer  of t h e  nodules i s  very 

Figure 5 shows a port ion of a Si02-Ca0-Mg0 te rnary  s l i c e  through t h e  Si02- 
CaO-MgO-Al203 quarternary system, a t  15  pct  Al2O3. 
bas i s  of Si02 + CaO + MgO + A1203 = 100 p c t ) .  The composition of t h e  inner layer  
l i e s  i n  t h e  c r i s t o b a l i t e  f i e l d ,  while both t h e  outer l a y e r  and bulk s lag  composi- 
t ions  l i e  i n  the  pyroxene f i e l d .  The fac t  t h a t  c r y s t a l l i z a t i o n  of t h e  inner l a y e r  
was not more pronounced is very l i k e l y  due t o  undercooling, s ince  reported (5) 
s lag  discharge temperatures of 2300' F (1260' C )  a r e  l e s s  than 100' C above t h e  
f l u i d  temperature of Indianhead s lag.  

(Points  a r e  p lo t ted  on t h e  

The three-layered nodules were recovered from t h e  s lag  i n  a more recent t e s t  
(RA-7). 
t h e  bulk s lag.  

TABLE 3. 

The analysis  of each layer  i s  given i n  Table 3, along with an analysis  of 

Analyses of Regions of Indianhead Slag Nodules, Test RA-7 

Inner Layer 

Si02 36.6 
A1203 10.2 
Ti02 0.3 

0.5 
p205 CaO 40.5 
MgO 7.9 
Nap0 0.3 
K20 0.3 

3.1 
0.2 

so3 
Fe203 

Middle Layer 

37.8 
8.9 
0.3 
0.5 

38.7 
9.5 
0.5 
0.3 
2.5 
1 .0  

Outer Layer 

39.2 
12.5 

0.5 
0.5 

31.1 
6.8 
1.2 
0.6 
1 . 4  
6 .1  

Bulk Sample 

33.1 
1 3 . 1  

0.5 
0.6 

22.6 
5.4 
6.1 
0.8 
2.4 

1 1 . 4  

TOTAL 99.9 100.0 99.9 96.0 

Thin sect ion photographs of a three-layered nodule a r e  shown i n  Figures 6 and 
Optical and x-ray d i f f r a c t i o n  da ta  show t h a t  the  inner layers  contain abundant 7. 

m e l i l i t e  while t h e  outer  core i s  a glass .  Mel i l i t e  occurs as  two types of clus- 
t e r s  of rad ia t ing ,  zoned c r y s t a l s .  One type has zoning produced by dark, reddish 
cores, probably resu l t ing  from abundant iron-rich inclusions and exhib i t s  a wel l  
developed dendri t ic  intergrowth tex ture ,  probably from quenching. The second type 
of m e l i l i t e  has zoning shown by birefringence c h a r a c t e r i s t i c s ,  probably from 
osc i l la tory  o r  reverse  chemical zoning and subhedral t o  euhedral c r y s t a l  form. 

I n  both cases  these phase transformations can be r e l a t e d  t o  temperature 
f luctuat ions i n  t h e  g a s i f i e r  hear th .  Hearth zone temperatures a re  measured by a 
thermocouple mounted on t h e  bottom of t h e  hear th  p l a t e ,  and another i n  the  gasi- 
f i e r  w a l l  approximately 5-112 f e e t  above the  hearth. Figures 8 and 9 show t h e  two 
temperatures a s  a function of time f o r  t e s t s  RA-4 and RA-7, as well as t e s t  FA-8, 
i n  which no s lag  phase separat ion was observed. Temperature data  from FA-4 and 
RA-7 show sharp f luc tua t ions ,  whereas the  da ta  from RA-8 show r e l a t i v e l y  s tab le  
temperatures. 
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The s lag-refractory chemistry w a s  found not t o  be s ign i f icant ly  affected by 
e i t h e r  phase t ransformation described here. The s lags  have been characterized by 
calculat ing t h e  base t o  acid r a t i o :  

CaO + g o  + Nap0 + K20 + Fe2O3 

Si02 + A1203 + Ti02 
B/A = 

I n  t h e  case of g lass  formation, t h e  bulk s l a g  has a b a s i c i t y / a c i d i t y  r a t i o  of 
0.84, while t h e  l i q u i d  phase which would remain a f t e r  formation of  t h e  g lass  
nodules has a value of 0.90 (ca lcu la ted  from t h e  ana lys i s  of t h e  outer  layer  of 
t h e  nodules). The corresponding values  f o r  t h e  m e l i l i t e  formation a r e ,  respec- 
t i v e l y ,  0.99 and 0.88. 
bas ic i ty .  Accelerated chemical degradation of hear th  zone r e f r a c t o r i e s  is there- 
fore  an unl ikely consequence of these  phase transformations. 

Neither s i t u a t i o n  represents  a d r a s t i c  change i n  s lag 

Changes i n  s l a g  v i s c o s i t y  were estimated by ca lcu la t ing  v i s c o s i t i e s  from a 
modified form of t h e  Watt-Fereday equation (I_), 

l o g  II = 107M/(T-150)2 + C 

where M and C a r e  empir ical  constants which a r e  funct ions of s lag  composition, t h e  
v iscos i ty  i n  poise ,  and t h e  temperature i n  degrees Centigrade. Preliminary r e s u l t s  
from current  GFERC research on adapting t h e  Watt-Fereday equation t o  l i g n i t e  s lags  
were used t o  estimate order-of-magnitude v iscos i ty  changes. 
calculated from t h e  bulk s lag  ana lys i s  and from t h e  ana lys i s  of t h e  outer  layer  
of t h e  nodules. Massive formation of m e l i l i t e  from Indianhead s lag  would leave a 
r e s i d u a l  l i q u i d  having a ca lcu la ted  v iscos i ty  of 125 poise  a t  1350' C ,  while t h e  
calculated v i s c o s i t y  of t h e  bulk s lag  i s  only 8 poise. 

Viscos i t ies  were 

The change i n  s l a g  v iscos i ty  w i l l  a l so  a f f e c t  hear th  zone heat t r a n s f e r  
re la t ionships .  For example, t h e  ca lcu la t ion  of  t h e  heat  t r a n s f e r  coef f ic ien t  
between the  s lag  and hear th  p l a t e  i s  dependent upon t h e  Grashof and Prandt l  num- 
bers  f o r  the  flowing s l a g ,  both of which a r e  funct ions of v iscos i ty  (g). 

The r e s u l t s  of t h i s  study show t h a t  t h e  c h a r a c t e r i s t i c s  of  t h e  coa l  ash s lag  
can be affected by temperature f luc tua t ions  i n  t h e  g a s i f i e r  hear th .  Chemical, 
flow, and heat t r a n s f e r  behavior a r e  a l l  suscept ible  t o  change as a r e s u l t .  
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Petrochemistry of Coal Ash Slags.  2. Correlation of Viscosity 
with Composition and Petrographic Class 

Harold H. Schobert 

Grand Forks Energy Research Center 
Box 8213, University S ta t ion  

Grand Forks, ND 58202 

The Grand Forks Energy Research Center (GFERC) of t h e  Ehergy Research and 
Development Administration has reactivated a fixed-bed slagging coal gas i f i ca t ion  
p i l o t  plant which was formerly operated by the  Bureau of Mines. Design of t h e  
gas i f i e r ,  t h e  Bureau of Mines t e s t  r e s u l t s ,  and preliminary r e s u l t s  from t h e  ERDA 
program have been documented (1-4). 

A de ta i led  study of t he  slagging operation is one aspect of t h e  current GFERC 
The objective of t h i s  study i s  t o  develop accurate knowledge p i lo t  plant program. 

of t he  flow and heat t r ans fe r  behavior of t he  s l ag ,  both t o  improve operation of 
t h e  GFERC plant and t o  suggest design approaches f o r  fu ture  generation g a s i f i e r s .  
One of t he  important parameters i n  t h i s  work is t h e  s lag  v iscos i ty .  

The experimental determination of s lag  v iscos i ty  as a function of temperature 
i s  a d i f f i c u l t  procedure. Consequently, many e f f o r t s  have been made t o  develop an 
approach t o  ca lcu la te  t h i s  re la t ionship .  The equations generally proposed incor- 
porate one o r  more terms which a re  calculated from the  s lag  composition. 

The equation 

has been suggested i n  several  publications (5-7) f o r  ca lcu la t ing  v iscos i ty  as  a 
function of temperature. In t h i s  equation, T i s  expressed in  degrees Centigrade, 
and 2, i n  poises. M and C a r e  terms calculated from the  s lag  composition, being 
functions of S O 2 ,  A1203, Fe20-3, and CaO content. 
proposed f o r  calculating C and M .  These equations d i f f e r  s l i gh t ly  i n  the  values 
of the  coef f ic ien ts  of t h e  composition t e r m s .  The work done by Watt and Fereday 
( 6 )  i s  based on Br i t i sh  coa ls ,  while t ha t  reported by t h e  I n s t i t u t e  of Gas Tech- 
nology ( 7 )  i s  based on synthetic melts. 

Various equations have been 

Attempts were made t o  use equation [l] fo r  t h e  calculation of v i scos i t i e s  of 
some l i g n i t e  ash s lags  for  which experimental v i scos i ty  da ta  w a s  available a t  
GFERC. 
Bomkamp ( 7 )  were used. 
temperature range over which v iscos i ty  da ta  was ava i lab le  a t  GFERC (8) .  
t h e  r e s u l t s  a re  given in  Table 1. 

Both the  Watt-Fereday method ( 5 , 6 )  and t h e  modified equations suggested by 
A test temperature was selected from t h e  center of t he  

Some of 
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TABLE 1. Calculated Values of Lignite Slag Viscosities.A/ 

Lignite Slag Temperature Method lE' Method 2c/ Expt '1 Value 

Baukol-Noonan 1175' 197 11,600 42 
Indianhead 1260' 21 2,276 60 
Velva 1385O <1 1 350 

- A/ Sources and compositions of the coal ash slags are given in 
the appendix. 

- B/ Watt-Fereday Method. - C/ Modified Watt-Fereday Method. 

Since the results shown in Table 1 are clearly unsatisfactory, the devel- 
opment of additional modifications to equation [l] was undertaken. 
GFERC gasification program will test a variety of Western lignite and subbitu- 
minous coals, it was desired to develop an equation applicable to the widest 
possible range of slag compositions. 
for slags having the range of compositions shown below. 

Since the 

Viscosity-temperature data were available 

TABLE 2. Range of Slag Compositions Used in GFERC Study 

Component Range, Pet Component Range, Pct 

15-49 
9-27 
7-23 
3-43 

MgO 1-10 
Na20 .3-12 
K20 .l-4 

Equation [l] was rewritten as 

Y = M x + C  

where X = 107/(T-150)2 and Y = logloq. 
compute values of M and C for each slag, using a standard linear regression 
computer program. The results are given in Table 3. 

The experimental data were then used to 

TABLE 3. Values of C and M Computed by Linear Regression 

Slag/ 

Baukol-Noonan 
Bentinck 
Cronton-lgU 
~ronton-2721 
Dickinson 
Disco 
Di sco-Fld-/ 
Indianhead 
Thoresby 
Velva 

C 

-1.2180 
- .a604 
-1.2194 
- .9997 
-4.1015 
- .5266 
- .a429 
-4.0781 
- .7840 
-7.2934 

M 

.3069 

.5851 

.5288 

.5849 

.5945 

.4240 

.2948 

.7264 

.4892 
1.4996 

- A/ Source and composition data is given in the appendix. 
- B/ 19 pet ash coal. C/ 27 pet ash coal. 
- D/ 3 lb. blast furnace slag added per lb. of ash. 
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The computed values of C and M were used as input data f o r  a multiple l i nea r  
regression analysis f o r  t he  development of equations r e l a t i n g  C and M t o  s lag  
composition. Repeated computer t r i a l s  f a i l ed  t o  produce a sa t i s f ac to ry  fit of 
the  data.  A s  a r e s u l t ,  a t t en t ion  w a s  then focused on performing regression 
analyses for  s lags  only of a s ingle  petrographic c lass .  
c l a s s i f i ca t ions  and terminology r e f e r  t o  igneous rock petrography, r a the r  than t o  
coal petrography.) 

( In  t h i s  paper petrographic 

The t e s t  slags were divided in to  two groups on the  bas i s  of s imi l a r i t y  of 
composition: Baukol-Noonan, Disco-Flux, and Indianhead i n  t h e  f i r s t  group; and 
Bentinck, Cronton-19, Cronton-27, Disco, and Thoresby in  t h e  second. Detailed 
petrographic analyses were done for  Indianhead and Thoresby s lags ,  t h e  compositions 
of which a re  given i n  t h e  appendix. 
t h e  C.I.P.W. method ( 9 ) ,  following the  procedure outlined by Johannsen (10). 
This procedure i s  a taxonomic method for comparing chemical analyses from a 
petrological aspect.  The ana ly t i ca l  data i s  recalculated i n  terms of a s e t  of 
standard mineral molecules. 
and Thoresby t o  be feldspar normative. 

The petrographic c l a s s i f i ca t ion  was  done by 

Indianhead s lag  was found t o  be pyroxene normative 

Correlation coef f ic ien ts  were calculated between each of t he  major s lag  
components and the  values of C and M, f o r  both c lasses  of s lag .  The ca lcu la t ions  
were done using a standard l i nea r  cor re la t ion  computer program. This work was 
done so tha t  t h e  r e s u l t s  would serve as  a guide t o  which s lag  components might 
bes t  be  used i n  a multiple regression ana lys i s  fo r  developing equations t o  CalCU- 
l a t e  C and M. 
Table 4. 

The computed values o f t h e  cor re la t ion  coef f ic ien ts  are given i n  

TABLE 4. Linear Correlation Coefficients Between Slag Composition 
and Computed Values of C and M. 

moxene-normative Slags Feldspar-normative Slags 
Component C M C M - 

Si02 -. 369 .444 
M2O3 .554 -.485 
Fe203 - e  996 .999 

MgO .209 - .129 

K20 -.589 .521 

C a O  .360 -.283 

Na2O -.140 * 059 

.681 .094 
-.573 .570 

.168 .255 

.030 .140 
-.76O .940 

-.019 -.512 

-. 495 .200 

Multiple l inear  regression ana lys i s  of t h e  feldspar normative group developed 
t h e  following equations: 

c = -4.5413 - .2158 (K20) + .0883 (Si021 + .0091 (Al2O3) [31 

M = 0.3676 + .0783 (K20) - .0043 (M203) [41 

In these  equations t h e  concentration terms use the  ac tua l  weight percent values 
determined from t h e  chemical analysis.  . 

The viscosity-temperature re la t ionship  fo r  Cronton-19 s lag  was ca lcu la ted  by 
The appropriate ana ly t i ca l  subs t i tu t ing  equations [31 and [ 41  i n to  equation [l]. 

data fo r  t h i s  s lag  a r e  3.5 pct K20, 43.6 pct Si02, and 24.6 pct A12O3. 
shows t h e  experimental (11) and calculated v iscos i ty  curves. 

Figure 1 
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Although only l imi t ed  da ta  a re  available f o r  t h e  pyroxene normative slags,  a 
regression ana lys i s  was done t o  f i t  C and M values t o  Fez0 
t h e  high cor re la t ion  between these parameters. 

content because of 
Equations 751 and [6]  resulted.  

C = 0.8143 (Fe2O3) - 4.8749 [ 5 1  

M = 0.1135 (Fe2O3) - .5219 t61 

The viscosity-temperature curve f o r  Indianhead s lag  (Fe2O3 = 11.0 p c t )  calculated 
from equations [ 5 ] ,  [6 ] ,  and [ l ] ,  i s  given i n  Figure 2. 

These results demonstrate t h a t  t h i s  approach produces improved r e s u l t s  for  
t h e  specific s lags  s tud ied  thus f a r .  It is  suggested t h a t  c l a s s i f i ca t ion  of 
s l ags  by a petrographic procedure may be more usefu l  than other methods f o r  the  
production of v i scos i ty  e f f ec t s .  

1. 

2. 

3. 

4 .  

5. 

6. 

7. 

8. 

9. 

10. 

11. 

REFERENCES 

G.H. Gronhovd, A.E. Harak, W.R. Kube, and W.H. Oppelt. "Design and I n i t i a l  
Operation of a Slagging, Fixed-Bed, Pressure Gasification P i l o t  Plant." 
Bureau of Mines R I  6084 (1962). 

G.H. Gronhovd, A.E. Harak, M.M. Fegley, and D.E. Severson. 
Bed Gasification of North Dakota Lignite a t  Pressures t o  400 Psig." 
Bureau of Mines R I  7408 (1970). 

R.C. E l l m a n  and B.C. Johnson. 
Forks Energy Research Center." 
Gas Symposium, Chicago, I L ,  October 1976. 

R.C. Ellman and H.H. Schobert. "Pilot  Plant Operation of a Fixed-Bed Slagging 
Gasifier." 
Society, New Orleans, LA, March 1977. 

Br i t i sh  Coal U t i l i za t ion  Research Association, Annual Report (1963). 

J . D .  Watt and F. Fereday. 
Ashes of Br i t i sh  Coals: 
Relation t o  Slag Composition." 

I n s t i t u t e  of Gas Technology. 
Technical Data Book." 
Report F61730-21 (1976). 

G.H. Gronhovd. Pr iva te  communication. 

H.S. Washington. "Chemical Analyses of Igneous Rocks." U.S. Geological 
Surrey Professional Paper 99 (1917). 

A. Johansen. "A Descriptive Petrography of Igneous Rocks." The University 
of Chicago Press ,  Chicago, I L  (1939). 

H.R. Hoy, A.G. Roberts, and D.M. Wilkins. "Some Investigations with 
a Small Cyclone Combustor." 

U.S. 

"Slagging Fixed- 
U.S. 

"Slagging Fixed-Bed Gasification a t  t h e  Grand 
Presented a t  t he  Eighth Synthetic Pipeline 

Presented at t h e  National Meeting of t h e  American Chemical 

"The Flow Properties of Slags Formed from the  
P a r t  1: Viscosity of Homogeneous Liquid Slags in  

J. Ins t .  Fuel, 42, 99 (1969). 

"Preparation of a Coa l  Conversion Systems 
Energy Research and Development Administration 

J. Ins t .  Fuel, 2, 4 4 1  (1958). 

146 



147 



e 

B s  8 P  

0 (D 

+ E -  

0 :: 

148 



SIZE-DEPENDENCE OF THE PHYSICAL AND CHEI4ICAL PROPERTIES OF COAL FLY ASH* 

G .  L. F i s h e r , l  B. A. P r e n t i c e , l  D. S i lberman, l  J. M. Ondov,' 
R. C.  Ragaini,' A. H. Bierman,' A. R. M ~ F a r l a n d , ~  and J. B. Pawley.' 

lRadiobiology Laboratory,  Un ive r s i ty  of Ca l i fo rn ia ,  Davis, CA 
'Lawrence Livermore Laboratory,  Livermore, CA 
3Civi l  Engineering Department, Texas A & M Univers i ty ,  Col lege  S t a t i o n ,  TX 
'Donner Laboratory,  Un ive r s i ty  o f  Ca l i fo rn ia ,  Berkeley, CA 

In o r d e r  t o  a i d  i n  t h e  assessment o f  t h e  p o t e n t i a l  biomedical and environmental  conse- 
quences of coa l  combustion f o r  e l e c t r i c  power genera t ion ,  w e  have performed d e t a i l e d  
c o l l a b o r a t i v e  s t u d i e s  o f  t h e  phys ica l  and chemical p r o p e r t i e s  of s i z e - f r a c t i o n a t e d  
coa l  f l y  ash.  In t h i s  r e p o r t ,  we demonstrate t h a t  many o f  t h e  phys ica l  and chemical 
p r o p e r t i e s  o f  aerodynamically s i z e - c l a s s i f i e d  f l y  ash depend on t h e  r e l a t i v e  s i z e  d i s -  
t r i b u t i o n s  o f  each f r a c t i o n .  

Aerodynamically s i z e - c l a s s i f i e d  f l y  ash was c o l l e c t e d  downstream from t h e  e l e c t r o s t a t i c  
p r e c i p i t a t o r  (ESP) i n  t h e  s t a c k  breeching  of a l a r g e  southwestern U. S. power p l a n t  
burning low s u l f u r  (0.5%), high  a s h  (23%) coal .  The s p e c i a l l y  designed c o l l e c t i o n  
system (1) which c o n s i s t s  o f  two cyclones and a c e n t r i p e t e r  s e p a r a t o r  is capable  of 
s i z e - c l a s s i f y i n g  in situ kilogram q u a n t i t i e s  o f  s t a c k  f l y  ash.  
t o  c o l l e c t  f l y  ash from s t a c k  gas ,  t he  appa ra tus  y i e lded  a t o t a l  o f  8.08 kg o f  f l y  a sh  
i n  f r a c t i o n s  wi th  volume median d iameters  (VMD) of 20 pm ( f r a c t i o n  l ) ,  6.3 pm ( f r a c t i o n  
2 ) ,  3.2 pm ( f r a c t i o n  3 )  and 2.2 pm ( f r ac t ion  4) a l l  with geometric s tandard  d e v i a t i o n s  
of approximately 1.8. The s i z e  d i s t r i b u t i o n  d a t a  determined by o p t i c a l  s i z i n g ,  c e n t r i -  
fuga l  sed imenta t ion  and Cou l t e r  ana lyses  a r e  p re sen ted  i n  Table 1. 

Phys ica l  S tud ie s  

Based on l i g h t  microscopic s tudy  o f  t h e  four  f l y  a s h  f r a c t i o n s ,  w e  have developed a 
p a r t i c l e  morphogenesis scheme (Fig. 1). The phys ica l  c h a r a c t e r i s t i c s  of opac i ty ,  
shape and type  o f  i n c l u s i o n  u t i l i z e d  i n  t h e  morphogenesis scheme appear t o  be  r e l a t e d  
t o  degree  and e x t e n t  o f  exposure o f  t h e  f l y  a s h  t o  combustion zone tempera tures .  

Eleven p a r t i c l e  t ypes  and t h e i r  p robable  mat r ix  composition a r e  c l a s s i f i e d  (Fig.  1): 
1 )  amorphous, non-opaque, 2) amorphous, opaque, 3) amorphous, mixed opaque and non- 
opaque, 4) rounded, v e s i c u l a r ,  non-opaque, 5) rounded, v e s i c u l a r ,  mixed opaque and non- 
opaque, 6) angular ,  lacy,  opaque, 7) non-opaque, cenosphere (hollow sphe re ) ,  8)  non- 
opaque, p l e rosphe re  (sphere packed wi th  o t h e r  sphe res ) ,  9) non-opaque, s o l i d  sphe re ,  
10) opaque sphere and 11) non-opaque spheres  wi th  e i t h e r  su r face  o r  i n t e r n a l  c r y s t a l s .  
We have quan t i f i ed  t h e  r e l a t i v e  abundances o f  each o f  t h e  11 morphologic p a r t i c l e  t ypes  
i n  t h e  f o u r  f r a c t i o n s  (Table 2 ) .  The r e l a t i v e  abundance of a l l  p a r t i c l e  t ypes  excep t  
non-opaque, s o l i d  spheres  appears  t o  i n c r e a s e  wi th  t h e  inc reas ing  p a r t i c l e  s i z e  o f  t h e  
f l y  a sh  f r a c t i o n s .  The r e l a t i v e  abundance o f  non-opaque, s o l i d  spheres  i s  i n v e r s e l y  
dependent on p a r t i c l e  s i z e .  
t h e  morphologic p a r t i c l e  t ypes  i n  t h e  f o u r  f l y  ash f r a c t i o n s  i n d i c a t e d  h igh ly  s i g n i f i -  
c a n t  (p < 0.001) d i f f e r e n c e s  f o r  a l l  s i x  p o s s i b l e  comparisons. 

The apparent  d e n s i t i e s  of t h e  fou r  f r a c t i o n s  (Table 2)  can be  n e g a t i v e l y  c o r r e l a t e d  
( r  = -0.978; p < 0.05) with  t h e  VMD's. Furthermore,  l i n e a r  r e g r e s s i o n  ana lyses  o f  
t h e  f r a c t i o n a l  d i s t r i b u t i o n  d a t a  wi th  t h e  d e n s i t i e s  o f  t h e  ind iv idua l  s i z e  f r a c t i o n s  
i n d i c a t e  s i g n i f i c a n t  (p < 0.05) p o s i t i v e  c o r r e l a t i o n s  f o r  t h e  fo l lowing  p a r t i c l e  t y p e s :  
1 )  amorphous, non-opaque, 4 )  rounded, v e s i c u l a r ,  non-opaque, 7 )  non-opaque cenospheres  
and 10) opaque sphere.  
non-opaque spheres  (p < 0.01).  

*This work was supported by the US Energy Research and Development Adminis t ra t ion .  

95616 
94550 

77843 
94720 

When used f o r  12  days  

Chi-square ana lyses  o f  t h e  r e l a t i v e  d i s t r i b u t i o n  d a t a  of 

S i g n i f i c a n t  nega t ive  c o r r e l a t i o n  was found only  f o r  s o l i d ,  
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Chemical S t u d i e s ,  

The f l y  ash f r a c t i o n s  were analyzed f o r  3 5  elements by in s t rumen ta l  neut ron  a c t i v a t i o n  
a n a l y s i s  (INAA) a t  t h e  Lawrence Livermore Laboratory and f o r  18 elements by atomic 
abso rp t ion  spec t roscopy (AAS) a t  t h e  Radiobiology Laboratory.  
n iques  have been p rev ious ly  desc r ibed  ( 2 ) .  
were undertaken bo th  l a b o r a t o r i e s  performed ana lyses  of t h e  Nat iona l  Bureau of Stand- 
a r d s  (NBS) Standard Reference Mate r i a l ,  Trace Elements i n  Coal Fly Ash (SRM 1633). 
Agreement of a l l  a n a l y t i c a l  r e s u l t s  from both l a b o r a t o r i e s  wi th  p rev ious ly  publ i shed  
(3)  o r  NBS c e r t i f i e d  va lues  was e x c e l l e n t .  The i n t e r l a b o r a t o r y  comparison has been 
r epor t ed  by Ondov et a l .  

Summary t a b l e s  o f  t h e  a n a l y t i c a l  r e s u l t s  a r e  p re sen ted  f o r  t hose  elements d i sp l ay ing  
concen t r a t ions  independent  o f  p a r t i c l e  s i z e  (Table 3) and dependent on p a r t i c l e  s ize  
(Table 4 ) .  
s u l t s  of t h e  a n a l y t i c a l  t echn ique  wi th  t h e  smal le r  c o e f f i c i e n t  of v a r i a t i o n .  Data 
from atomic abso rp t ion  ana lyses  are the  average of two independent de te rmina t ions ;  t h e  
INAA d a t a  a r e  t h e  weighted averages  o f  t h r e e  independent de te rmina t ions .  
t i o n  dependence wi th  p a r t i c l e  s i z e  was determined q u a l i t a t i v e l y  wi th  t h e  c r i t e r i a  
t h a t  c o n s i s t e n t  concen t r a t ion  t r e n d s  beyond exper imenta l  u n c e r t a i n t y  were observed 
f o r  each  f r a c t i o n ,  a l though  s i g n i f i c a n t l y  h ighe r  concen t r a t ions  o f  t h e  element may 
have been observed i n  t h e  f i n e s t  f r a c t i o n  r e l a t i v e  t o  t h e  c o a r s e s t  f r a c t i o n .  

With t h e  except ion  o f  s i l i c o n ,  which appears  t o  dec rease  with dec reas ing  p a r t i c l e  
s i z e ,  t he  major element composition o f  t h e  f r a c t i o n a t e d  f l y  a sh  i s  r e l a t i v e l y  indepen- 
dent  o f  p a r t i c l e  s i z e .  Grea te r  than  92% of t he  mass of t h e  f r a c t i o n a t e d  f l y  a sh  can 
be accounted f o r  by o x i d e s  of S i ,  A l ,  F e  and Ca. An enhancement f a c t o r  was def ined  
as t h e  r a t i o  o f  t he  element concen t r a t ion  i n  c u t  4 ( f i n e s t )  t o  i t s  concen t r a t ion  i n  
c u t  1 ( c o a r s e s t ) .  The more v o l a t i l e  elements (or t h e i r  oxides) ,  Cd, Zn, Se, As, Sb, 
Mo, Ga, Pb and V d i s p l a y  c l e a r - c u t  i n c r e a s e s  i n  concen t r a t ion  wi th  decreas ing  pa r -  
t i c l e  s i z e ,  i n  agreement wi th  t h e  vapor-condensation mechanism of  Natusch and Wallace 
(4) .  I t  i s  impor tan t  t o  no te ,  however, t h a t  r e f r a c t o r y  elements a l s o  d i s p l a y  concen- 
t r a t i o n  t r ends  i n v e r s e l y  dependent on p a r t i c l e  s i z e .  Therefore ,  p rocesses  o t h e r  than 
vapor condensation are involved i n  t h e  concen t r a t ion - s i ze  r e l a t i o n s h i p .  The elements 
U and Cr a r e  a s s o c i a t e d  w i t h  t h e  o rgan ic  f r a c t i o n  o f  coal  (5) and may b e  r e l eased  i n  
t h e  combustion p r o c e s s  a s  f i n e  p a r t i c l e s  which may agglomerate wi th  o t h e r  p a r t i c l e s .  
The elements Fe ,  Mn, Ba, and S r  (5) may i n  p a r t  be p re sen t  as  carbonate  minera ls  
which decompose t o  form f i n e  p a r t i c l e s  du r ing  coa l  combustion and aga in  agglomerate 
wi th  o the r  p a r t i c l e s .  
t h e  a l u m i n o s i l i c a t e  i n  t h e  coal  (5 ) .  Thus, mineral  decomposition and e lementa l  d i s -  
t r i b u t i o n  may i n  p a r t  exp la in  t h e  e lementa l  t r ends  o f  t h e  h igh  b o i l i n g  chemical 
spec ie s .  

I n  summary, many p h y s i c a l  and chemical p r o p e r t i e s  o f  coal  f l y  a sh  a r e  dependent on 
p a r t i c l e  size.  
p l a ined  by t h e  h ighe r  r e l a t i v e  abundance of v e s i c u l a r  p a r t i c l e s  and lower r e l a t i v e  
abundance o f  s o l i d ,  non-opaque sphe res  i n  l a r g e r  s i z e  f r a c t i o n s .  The elements A i ,  
Fe, Ca, Na, K ,  T i ,  Mg, S r ,  Ce, La, Rb, Nd, Th, N i ,  Sc,  Hf, Co, Sm, Dy, Yb, C s ,  Ta, 
Eu and Tb do n o t  d i s p l a y  c l e a r - c u t  concen t r a t ion  t r e n d s  wi th  p a r t i c l e  s ize .  
was t h e  only  element ana lyzed  w i t h  c l e a r - c u t  d i r e c t  concen t r a t ion  dependence wi th  
p a r t i c l e  s i z e .  
Cd, Zn, Se, A s ,  Sb, W, Mo, Ga, Pb, V, U, C r ,  Ba, Cu, Be and Mn. Although a vapor- 
condensation mechanism may e x p l a i n  t h e  concen t r a t ion  t r e n d s  f o r  t h e  v o l a t i l e  elements,  
mineral  decomposition and e lementa l  d i s t r i b u t i o n  wi th in  t h e  coa l  are probably impor- 
t a n t  p rocesses  c o n t r i b u t i n g  t o  t h e  i n v e r s e  concen t r a t ion  dependence observed f o r  t he  
h ighe r  b o i l i n g  chemical spec ie s .  

The a n a l y t i c a l  tech-  
Before ana lyses  of t h e  f l y  ash f r a c t i o n s  

( 2 ) .  

For elements analyzed by b o t h  INAA and AAS, t h e  d a t a  r epor t ed  a r e  t h e  re- 

Concentra- 

Copper is probably  p re sen t  i n  p a r t  a s  t h e  s u l f i d e  and Be a s  

Apparent d e n s i t y  v a r i e s  i n v e r s e l y  wi th  p a r t i c l e  s i z e  and may b e  ex- 

S i l i c o n  

Inve r se  concen t r a t ion  dependence w i t h  p a r t i c l e  s i z e  was observed f o r  
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Table 1. S i z e  Parameters f o r  the  F ly  Ash Frac t ions  

1 2.73 2.20 18.5 2 .8  20.0 1.8 
2 2.58 1.86 6.0 2.0 6 . 3  1.8 
3 1.14 1.73 3.7 1.7 3.2 1.8 
4 0.92 1.52 2.4 1.8 2.2 1.9 

~ 

'Count median diameter  determined from scanning 

2Mass median d iameter  determined from Stokes d i f f e r e n -  

3V01wne median d iameter  determined by Coul te r  a n a l y s i s .  
'Geometric s tandard  devia t ion .  

e 1 e c t  ron  micrographs . 
t i a l  s e t t l i n g  i n  aqueous d i s p e r s i o n .  

Table 2 .  Re la t ive  Abundance (%) o f  Morphologic P a r t i c l e  Types i n  t h e  Four Fly Ash 
F r a c t i o n s  

P a r t i c l e  Type Frac t ion  
1 2 3 4 

1. 
2. 
3. 

4. 
5. 

6 .  
7. 
8. 
9 .  

10. 
11. 
12. 

Amorphous, non-opaque 
Amorphous, opaque 
Amorphous, mixed opaque and 

Rounded, ve s i c u l a r  , non -opaque 
Rounded, v e s i c u l a r ,  mixed opaque 

Angular, lacy,  opaque 
Non-opaque, cenosphere 
Non-opaque, p l e r o s p h e r e  
Non-opaque, s o l i d  sphere  
Opaque sphere  
Non-opaque s p h e r e  with c r y s t a l s  
Combined* p a r t i c l e  types  2 and 6 

non - opaque 

and non-opaque 

VMD ( w )  
Densi ty3 (g/cm3) 

7.25 
0.42 
0.77 

12.39 
2.27 

1.34 
41.11 
0.51 

25.58 
1.56 
6.80 -- 

20 
1.85 

2.13 0.79 0.33 
0.18 -- -- 
0.09 -- -- 
6.67 2.91 2.99 
0.24 -- 0.03 

0.57 0.27 0.33 
26.22 13.20 7.91 
0.21 -- -- 

56.01 79.16 86.99 
0.90 0.33 0.24 
6.79 3.18 0.95 
-- 0.15 0.24 

6 . 3  3.2 2.2 
2.19 2.36 2.45 

l A  t o t a l  of approximately 3000 p a r t i c l e s  f o r  each s i z e  f r a c t i o n  were c l a s s i f i e d  

'Combined due t o  i n a b i l i t y  t o  d i s t i n g u i s h  between these  c l a s s e s  f o r  t h e  f i n e r  

3Apparent d e n s i t y  determined by gravimet r ic  displacement  o f  1-propanol. 

f r o m  random f i e l d s  us ing  t h r e e  microscope s l i d e s  p e r  f r a c t i o n .  

p a r t i c l e s .  
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Table 3. Elemental Concentrat ions Independent' of P a r t i c l e  S i z e  

Element Technique Frac t ion  1 Frac t ion  2 Frac t ion  3 Frac t ion  4 
(VMD = 20 pm) (VMD = 6.3 pm) (VMD = 3.2 pm) (VMD = 2.2 urn) 

A 1  AAS2 

C a  AAS 
Na AAS 
K AAS 
T i  AAS 
Mg AAS 

Fe I N A A ~  

S r  INAA 
Ce I N A A  
La INAA 
Rb INAA 
Nd INAA 
Th INAA 
N i  AAS 
s c  I N A A  
H f  INAA 
co INAA 
Sm INAA 
DY INAA 
yb INAA 
cs I N A A  
Ta INAA 
Eu INAA 
Tb INAA 

Concentrat ion i n  % 

13.8(0.1) 14.4(0.1) 
2.5 (0.1) 2.9(0.2) 
2.12 (0.14) 2.23( (0.08) 
1.19 (0.13) 1.75 (0.05) 
0.74 (0.01) 0.80 (0.07) 
0.62(0.05) 0.76 (0.05) 
0.47(0.01) 0.56(0.01) 

Concentrat ion i n  pg/g 

410(60) 
113(4) 
62 (3) 
51 (3) 
45 (4) 

25 (3) 
25.8(0.6) 

12.6( 0.5) 
9.7 (0.4) 

8.2 (0.3) 
6.9 (0.3) 
3.4(0.4) 
3.2(0.1) 

8.9 (0.2) 

Z.l(O.1) 
1.0( 0.1) 
0.90 (0.05) 

540 (140) 
122 (5) 

68 (4) 
56 (4) 
47(4) 

3 7 U )  
28.3(0.6) 

15.3(0.6) 
10.3(  0.3) 
16.3( 0.8) 

g.l(O.4) 

4.1(0.4) 
3.7(0.2) 
2.3(0.2) 

1.06 (0.06) 

S.S(O.9) 

1.2 (0.2) 

14.2 (0.8) 
3.0(0.1) 
2.30 (0.14) 
1.83(0.06) 
O.SZ(0.08) 
0.77(0.11) 
0.60 (0.02) 

590 (140) 
123(6) 
67(11) 
57(3) 
49 (7) 
29 (1) 
43(4) 

19(1)  

15.8(0.6) 
10.5(0.3) 

9.2 (0.4) 
8.1 (0.3) 
4.0 (0.2) 
3.7(0.2) 
2.5 (0.3) 
1.2 (0.2) 
1.10 (0.07) 

14.1(0.3) 
3.2(0.1) 
2.38(0.09) 
1.85 (0.03) 
0 .81 (0.03) 
0.78(0.06) 
0.63(0.01) 

700 (2 10) 
120(5)  

69 (3) 
57(8)  
5 2 ( 6 )  
30(2) 
40(2)  
16.0 (0.2)  
10.3(0.5) 

9.7(0.4) 
8.5(0.8) 
4.2 (0.3) 
3.7(0.2) 
2.7(0.1) 
1.3(0.4) 
1.13 (0.06) 

21(1) 

'Concentration dependence wi th  p a r t i c l e  s i z e  was determined q u a l i t a t i v e l y  with t h e  
c r i t e r i a  t h a t  c o n s i s t e n t  concent ra t ion  t r e n d s  beyond experimental  u n c e r t a i n t y  were 
observed f o r  each f r a c t i o n .  

i n  parentheses .  

t a i n t i e s  ( i n  parentheses)  are t h e  l a r g e s t  o f  twice the  weighted s tandard  d e v i a t i o n ,  
t h e  range,  or an e s t i m a t e  of  t h e  accuracy. 

2AAS values  are t h e  averages of two independent de te rmina t ions ;  t h e  ranges a r e  given 

31NAA values  a r e  t h e  weighted averages o f  t h r e e  independent de te rmina t ions ;  uncer- 
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O P A C I T Y  

EXPOSURE 
O P A O U E  I sHnPE N O N - O P A O U E  

IRON OXIDE' 
SILICATE 

A M O R P H O U S  

I MINERALS] IRON OXIDES 

R O U N D E D .  

V E S I C U L A R  

A N G U L A R ,  

CARBONACEOUS 

I_ 

I N C R E A S I N G  

Fig. 1. Fly  ash  morphogenesis scheme i l l u s t r a t i n g  probable  r e l a t i o n s h i p  o f  o p a c i t y -  
and shape t o  p a r t i c l e  composition and exposure i n  t h e  combustion chamber. 



NOT FOR PUBLICATION 
For Presentat ion Before the Division of  Fuel Chemistry 
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Montreal, Quebec, Canada', May 1977 

THE BEHAVIOR OF THE NATURAL RADIONUCLIDES IN WESTERN COAL-FIRED POWER PLANTS 

David G. Coles, Richard C. Ragaini, and John M .  Ondov 

Division of Environmental Research, Lawrence Livermore 
Laboratory, University of Cal i forn ia ,  Livermore, CA 94550 

The projected dependence of the n a t i o n  on coal-produced e l e c t r i c a l  energy 
necessi ta tes  a thorough study of the associated environmental risks. One potential 
hazard worthy of f u r t h e r  inves t iga t ion  i s  the re lease  of natural radionuclides upon 
coal combustion. Radioactive e f f luents  from both foss i l - fue l  and nuclear power plants  
have been compared. 1'2 However, oversimplif icat ions and lack of good emission data 
f o r  radionuclides from the foss i l - fue l  plants  lead to  d i f fe r ing  conclusions. Hull3 
has compared the inorganic-eff lbent  re leases  of the  f o s s i l - f u e l  plants  t o  the radio- 
nuclide releases from nuclear  plants  in  terms of accepted environmental standards f o r  
each type of e f f l u e n t .  e t  a1 . 4  have c a l c u l a t e d - t h a t  anthropogenic sources 
contr ibute  6.5% of the  t o t a l  
fuel burning makes u p  14% of these anthropogenic sources o r  1% of the to ta l  210Po 
i n p u t .  One can determine a maximum concentration i n d i r e c t l y  from the 2 1 0 P b  content 
in the coal ,  s ince  210Pb i s  the  grandparent of 210Po i n  the  23QU-decay s e r i e s .  None 
of the foss i l - fue l -p lan t  s t u d i e s  have concentrated on the radionuclide-combustion 
chemistry, which i s  necessary t o  make val id  comparisons between foss i l - fue l  and nuclear 
plaritb. I t  i s  the  purpose t h i s  work t o  study the chemical f rac t iona t ion  of the natural 
radionuclides in coal d u r i n g  combustion. 

Moore 
2 v a t m o s p h e r i c  f lux  for the cont inental  U.S. Fossil- 

Experimental 

Coal, bottom-ash, and e l e c t r o s t a t i c  prec ip i ta tor  (ESP) f ly-ash samples were 
obtained from two western coa l - f i red  power plants .  Plant  A bu rns  low-sulfur (0 .52%),  
low-ash (1.2%) coal and Plant  B burns low-sulfur (0.46%), high-ash (23.2%) coal. We 
a l s o  obtained from Plant  B kilograni quant i t ies  o f  par t ic le -s ized  s tack f l y  ash. This 
s tack f l y  ash was co l lec ted  by a la rge  cyclone separator  mounted a t  the  o u t l e t  of one 
of the ESP u n i t s . 5  Two separate  s e t s  of the four  s ized  f r a c t i o n s  were obtained. For 
each f rac t ion  as determined by centr i fugal  sedimentation, the mass median diameters 
(mmd) were 17, 6 ,  3.8, and 2.5 urn, Geometric standard deviat ions of the f rac t ions  
were approximately 2.3, 2.1, 1 . 7 ,  and 1 .8  pm, respect ively.  

All samples were ground t o  200 mesh when necessary, homogenized, packaged, and 
then counted f o r  natural  gamma rad ia t ion  on an ul tra-low background, Compton-suppres- 
s ion ,  gamma-ray spectrometer. 

T h e  2 3 Q U  natural radioactive-decay-chain s e r i e s  was found t o  be i n  secular  
equilbrium i n  the coal samples b u t  n o t  in the ash samples. During the  combustion 
process a po ten t ia l  e x i s t s  f o r  decay-chain disequi l ibr ium t o  occur ,  s ince  many of the 
daughter radionuclides have  q u i t e  d i f f e r e n t  chemical and physical c h a r a c t e r i s t i c s .  
Secondary pos t - f rac t iona t ion  radionuclides a r e  those whose ha l f - l ives  a r e  long enough 
t o  produce gamma rays o r  ganima-ray-emitting daughters a f t e r  secular  equilibrium has 
been disrupted by the  combustion process. 
from a daughter f u r t h e r  along the  decay chain b u t  p r i o r  t o  the next long-lived species. 

The actual  measured gamma ray may or iginate  
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The ha l f - l ives  of these intermediary radionuclides a r e  short enough so t h a t  s e c u l a r  
equi l ibra t ion  can be assumed t o  have been reestabl ished f o r  t h a t  sec t ion  of  the  
decay chain. This provided 
the  longest-lived intermediary radionuclide 2 3 4 T h  (24.1 day) the opportuni ty  t o  come 
t o  within 1% of secular  equ.ilibration w i t h  i t s  parent 2 3 @ U .  

Discussion 

Enrichment fac tors  r e l a t i v e  t o  the input  coal were calculated f o r  the radio- 
nuclide contents observed. The enrichment f a c t o r  ( E F )  i s  defined a s  the r a t i o  of the  
concentration of a radionuclide ( X )  and 4 o K  in the sample, divided by the  correspond- 
ing ra t ion  i n  the i n p u t  coal .  

The packaged samples were allowed to  s i t  f o r  6 m o n t h s .  

Decay-chain or igin 

[ X I  ~ a r n p l e / [ ~ ~ K ]  sample 
EF = [ X I  coal/['+oK] coal 

232Th  23811 2 3 5 u  

This e f fec t ive ly  normalizes the apparent enrichment resu l t ing  from loss  o f  carbon 
during the combustion process. 
t ion  because i t s  concentration remains constant i n  a l l  samples; hence i t  was assumed 
t o  be a t r a c e r  f o r  the  alurnino-silicate-dominated ash matrix. 

Potassium-40 i s  used in  t h i s  normalization ca lcu la-  

Table 1 presents the EF value f o r  the d i f f e r e n t  samples from both p lan ts .  The  
ESP f l y  ash and bottom ash from both p lan ts  show no enrichment of the 232Th-decay-chain 
daughters. 
elements and should remain with the 4 0 K  in the ash matrix. 

Table 1. 

This i s  expected s ince  t h o r i u m  and radium a r e  e s s e n t i a l l y  re f rac tory  
Uranium behaves in  q u i t e  

Enrichment fac tor  r e l a t i v e  t o  i n p u t  coal and normalized t o  4 0 K a  

Source a f t e r  f r -c t ionat ion I ' 2281h 228Ra 2 1 o p b  2 2 6 ~ 8  23811 235U 

Plant  
ESP f l y  ash 
Bottom ash 
P l a n t  
ESP f l y  ash 
Bottom ash 

0.89 0.90 0.48 1.02 0.71 0.70 
0.96 0.97 0.24 0.99 0.70 0.64 

0.96 0.98 0.74 1.02 0.94 0.85 
0.91 0.89 0.29 0.90 0.76 0.73 

Scrubber ash 1.01 1.03 0.95 1.08 0.97 0.88 

ai10 - t o  20% propagated l a  e r r o r  from the  mean. 

Samples from Plant A; i n p u t  coal contains  11.3% H20, 9.2% ash,  and 0.52% s u l f u r .  

Samples from Plant B; input coal contains  6.8% H20, 23.2% ash,  and 0.46% s u l f u r .  

a d i f fe rqnt  manner. 
from Plant A (low-ash coa l )  and the bot tom ash from both Plants.. 
not nearly a s  depleted in  these uranium isotopes from Plant  B (high-ash c o a l ) .  

Lead-210 appears t o  be the most v o l a t i l e  radionuclide measured. 
depleted in the bottom ash froiii both p lan ts  and i s  l e s s  depleted i n  the  f l y  ash from 
P l a n t  B (high-ash c o a l ) .  
The wet scrubber i s  more e f f i c i e n t  t h a n  the ESP f o r  f ly-ash removal (99.2% vs 97.5) 
and, therefore ,  re ta ins  more ash by weight than the ESP u n i t  although i t  re leases  
higher numbers o f  subniicron p a r t i c l e s  m the  atmosphere.6 Since the  wet scrubber i S  
more e f f i c i e n t ,  i t s  E F  value might be expected t o  be near uni ty ,  and consequently any 
chemical enrichiiient in the subniicron par t icu la tes  would  be obscured. 

Both 2 3 5 U  and 2 3 @ U  show s i g n i f i c a n t  depletion in the f l y  ash 
The f l y  ash i s  

I t  i s  q u i t e  

All EF values f o r  the scrubber ash a re  c lose  t o  uni ty .  
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The *10Pb depletion i n  the  ESP bottom ash probably occurs as v o l a t i l i z a t i o n  
and l a t e r  condensation onto the fly-ash matrix. 
a surface-area phenomenon, the lead would be expected t o  be enriched on t h e  f i n e r  f l y -  
ash p a r t i c l e s .  In F i g .  1 ,  the s tack ( p o s t  ESP) s ized  f l y  ash shows a very strong 
increase in EF with decreasing p a r t i c l e  s i z e .  This e f f e c t  i s  cons is ten t  with the 
deplet ion of lead on the larger-s ized ESP f l y  ash. 
condensation mechanism more f u l l y .  

Since heterogeneous condensation i s  

Davison et.7 discuss  t h i s  

Assuming t h a t  secular  equi l ibra t ion  e x i s t s  between 210Pb  and 210Po i n  the  coal 
samples, the s p e c i f i c  a c t i v i t y  f o r  both nuclides wi l l  be ident ica l  and therefore  the 
to ta l  inventory of 210Po f o r  the  coal combustion system can be estimated. I t s  post- 
combustion behavior was n o t  studied i n  t h i s  work; but s ince  polonium i s  more v o l a t i l e  
than lead, i t  wi l l  probably condense onto the extremely small fly-ash p a r t i c l e s  a f t e r  
combustion. 
important radionuclide i s  i n  progress. 

A study o f  the  combustion chemistry and deposi t ion proper t ies  of t h i s  

Uranium's d e f i n i t e  assoc ia t ion  with small p a r t i c l e s  has been previously 
I t  i s  s l i g h t l y  depleted in  the bottom ash of both p lan ts .  Plant  B 

(high-ash c o a l )  has a f ly-ash EF c lose  t o  uni ty .  However, th is  p l a n t ' s  s ized  stack 
f l y  ash shows a very d e f i n i t e  E F  increase with decreasing p a r t i c l e  s i z e  (see Fig. 1 ) .  
We propose a bimodal mechanism t o  explain t h i s  behavior. The coal contains  u r a n i u m  
i n  two d i f f e r e n t  phases, which a f f e c t s  i t s  v o l a t i l i t y  upon combustion. 
observed tha t  uranium behaves i n  a manner intermediaEe between those elements remain- 
i n g  w i t h  the s lag  and those elements concentrating on the  f l y  ash. 

soluble  uranyl dicarbonate Na2[U0,(C03)2] o r  sodium uranyl t r icarbonate  Na,[U02(C03)3] 
complex. 
uraniuiil quickly becomes absorbed by the  coal with subsequent reduction to  uranini te  
U02. If s u f f i c i e n t  s i l i c a  i s  present  i n  so lu t ion ,  the mineral c o f f i n i t e  U(Si04)l-x 
(OH)4x can form instead of  uran in i te .  
from cracks and j o i n t s  i n t o  the coal matrix f o r  some dis tance and can, therefore ,  be 
expected t o  res ide  in  the coal i n  a very highly dispersed s t a t e .  
over thorium in these samples (Th/U = 2.0)  compared t o  the  average c rus ta l  r a t i o  
(Th/U = 4.0),11 thus ind ica t ing  the high mobil i ty  of uranium as  compared t o  thorium 
during ground and sur face  water t ranspor t .  

conditions of the  furnace as well as  its chemical and physical form in the input coal .  
Coal-fired power plants  operate  t h e i r  burners with about a 10% stoichiometr ic  excess 
of oxygen.12 This should r e s u l t  in an oxidizing combustion environment with a 
temperature range of 1500 t o  1600°C. Under these condi t ions,  the v o l a t i l e  species 
UO, could be expected t o  form.13'14 
become incorporated in to  a s i l i c a  melt during combustion i f  i t  were o r i g i n a l l y  
associated with a s i l i c a t e  ( ; . e . ,  c o f f i n i t e ) .  

The existence of uranium bimodally in the coal can therefore  give r i s e  t o  both 
a v o l a t i l e  and nonvolat i le  species  simultaneously, s ince  both uranin i te  and c o f f i n i t e  
can coexis t  i n  the  pulverized and semihomogenized coal .  The data in  Table 1 support 
t h i s  re la t ionship .  The Plant  B (high-ash c o a l )  f l y  ash shows less  uranium depletion 
t h a n  the Plant A (low-ash coa l )  f l y  dsh. 
probably associated with the alumino-si l icate  minerals and i s  consequently avai lable  
for  incorporation i n t o  t h e  s i l i c a - r i c h  f ly-ash matrix. 

(Instrumental Neutron Act ivat ion Analysis) data  f o r  cerium, a nonenriched element 

Klein et.9 

BregerIo suggests t h a t  uranium enters  the coal bed from ground water as the 

The s l i g h t l y  a c i d i c  environment of t h e  coal decomposes t h i s  complex and the 

Since t h e  uranium is  i n  so lu t ion ,  i t  can migrate 

Uranium i s  enriched 

The charac te r i s t ics  of uranium during the  combustion process depend upon the 

The p o s s i b i l i t y  a l s o  e x i s t s  f o r  uranium t o  

A higher percentage of the  u r a n i u m  i s  

Thorium-228 could b e  s l i g h t l y  enriched i n  the  s tack f l y  ash when compared t o  INAA 
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(see Fig. 1 ) .  
the very chemically r e s i s t a n t  mineral zircon ZrSiO,,ls which i s  a ubiquitous 
accessory mineral in  many common rocks. Zircon does not weather e a s i l y  and i s  
commonly found i n  sedimentary environments. I t  i s  conceivable t h a t  the thorium 
observed i n  the  coal system was deposited contemporaneously w i t h  the  coal along 
w i t h  the other  s i l i ca te -based  minerals. 
coal i s  burned. The  small r e s i s t a n t  mineral grains  could be car r ied  with the gases 
a f t e r  combustion and follow the course of the f l y  ash. The thorium behavior i n  the 
s ized  f l y  ash could be explained i f  thorium exis ted i n  the  coal a s  submicron p a r t i c l e s .  

The enrichment of 228Ra and 226Ra (see  Fig. 1 )  i s  d i f f i c u l t  t o  explain.  Klein 
et.9 observes t h a t  barium (and hence probably radium) and thorium become incorpo- 
ra ted i n t o  the f ly-ash matrix. However, barium i s  known t o  form a v o l a t i l e  species  
Ba(OH), i n  the presence of steam, and radium may a l s o  form a corresponding spec ies .  
Figure 1 shows 226Ra with a grea te r  EF t h a n  228Ra. 
with the uranini te  f r a c t i o n  of i t s  238U parent as described e a r l i e r .  This probably 
allows 226Ra to  form a more mobile species than the s i l i c a t e  bound 228Ra (from the  
232Th chain)  in a manner s imi la r  t o  the bimodally located uranium. 

t i o n ,  combustion, and emission system can be described by the following: 

Thorium (and t o  some extent  uranium) is  normally associated with 

These minerals make up  the ash a f t e r  t h e  

A portion of the  226Ra wi l l  res ide 

The behavior of the  natural  radioact ive decay s e r i e s  throughout the coal deposi- 

Associated with the accumulation of orgainic  matter i s  a s i g n i f i c a n t  f r a c t i o n  of 
c lay minerals, sand, and other  inorganic sedimentary mater ia l .  These mater ia l s  
contain the alumino-si l icate  minerals t h a t  wi l l  l a t e r  comprise the  coal f l y  ash 
and bottom ash. Herein i s  found the source of t h e  2 3 2 T h ,  s ° K ,  and a par t  of the 
s i l i c a t e  associated uranium. 

The organic accumulation environment ceases and  a deposi t ion environment preva i l s ,  
which b u r i e s  the  organic matter. 

Ground and surface waters penetrate  down through the overburden, invading the 
coal .  
amounts of soluble  s i l i c a .  

Coal metamorphism occurs. 

' 
These waters contain uranium a s  soluble  uranyl carbonate s a l t s  and varying 

Uranium i s  absorbed by the coal and reduced t o  uran in i te  o r  c o f f i n i t e ,  depending 
on the s i l i c a  content of the water. 

Coal i s  mined, pulverized, and fed i n t o  the furnace f o r  power production. Much of 
the alumino-silica minerals (mostly c lay)  form a melt and drop out as  s lag .  
of the thorium and radium isotopes follow. 
along with the gases and f l y  ash t o  the emission control system. 
uranium t h a t  i s  associated w i t h  the c lays ,  o r  t h a t  which was mineralized a s  cof- 
f i n i t e ,  a l s o  remain w i t h  the  bottom ash. The uranium t h a t  i s  dispersed i n  the  
coal a s  uranini te  becomes v o l a t i l e  as  the UO, species  and continues along w i t h  
the  gases, lead,  and the f l y  ash. 

Somewhere down the f l u e  l i n e ,  f i r s t  uranium and then lead preferen t ia l ly  condense 
o u t  on the f i n e r  f ly-ash p a r t i c l e s  because they have a h i g h  surface t o  mass r a t i o .  

The ESP c o l l e c t s  most of the  par t icu la te  mass. Those f i n e r  p a r t i c l e s  t h a t  bypass 
the ESP continue up  t h e  s tack with the  gases. 
r e l a t i v e  to  the coal ,  a n d  moderately enriched in  Z35U and 2 3 8 U .  
enrichment i s  observed f o r  226Ra (probably t h a t  associated with u r a n i n i t e ) ,  228Ra,  
and 220Th.  The thorium i s  probably associated w i t h  f i n e  zircon gra ins .  

Most 
Lead-210 remains v o l a t i l e  and continues 

Much of t h e  

They a r e  very enriched in 2 1 0 P b  
Some s l i g h t  
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The degree t o  w h i c h  each of t h e  many possible  mechanisms a f f e c t  the f i n a l  radio- 
nuclide concentrations cannot be ascer ta ined from these data .  The ac tua l  s i t ua t ion  
may be one nicclranism, o r  m3re probably a combination of mechanisms. The mineralogical 
o r  chemical form i n  w h i c h  the radionucl ides  o r  t r ace  elements e x i s t  i n  the coal does 
have an important e f f e c t  cn their subsequent combustion c h m i s t r y  and emission charac- 
t e r i  s t.i c s ,  
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